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PUBLICATION OF THE GEOPHYSICAL ABSTRACTS 


The United States Geological Survey has resumed publication of the Geo- 
physical Abstracts after a 4-year interval, during which they were issued by the 
U. S. Bureau of Mines. 

The Geophysical Abstracts are published quarterly as an aid to those engaged 
in geophysical research and exploration. The bulletin covers world literature 
on geophysics contained in periodicals, books, and patents. It deals with 
exploration by gravitational, magnetic, seismic, electrical, radioactive, geo- 
thermal, and geochemical methods and with underlying geophysical theory and 
related subjects. 

Copies may be purchased singly or by annual subscription from the Super- 
intendent of Documents, Government Printing Office, Washington 25, D. C. 


For subscription, the Superintendent of Documents will accept a deposit of 
$5.00 in payment for subsequent issues. When this fund is near depletion the 
subscriber will be notified. The deposit may also be used to cover purchase 
of any other publication from the Superintendent of Documents. 
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GEOLOGICAL CORRELATION AND PALEOECOLOGY 
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ABSTRACT 


It is argued that the criteria of correlation are logically vulnerable, and that the 
principles of stratigraphy need reformulating if the science is to regain its vitality 
and productiveness. Two possible lines of advance are indicated. The first, which 
may be called the paleoecological approach, involves the application of modern 
knowledge of sedimentation and ecology to stratigraphy and implies greater use of 
the facies concept. It is suggested second, that greater attention should be paid to 
the study of restricted groups of organisms as they evolve in time through strata of 
uniform lithology. Finally the possibility of linking lineage studies with facies-shift 
is pointed out. 


HUXLEY ON HOMOTAXIS 


In 1862 Thomas Henry Huxley, a paleontologist and a rebel, was secretary of the 
Geological Society of London. One of his secretarial duties—there were giants in 
those days—was to deputize for the President who was in Italy and deliver the anni- 
versary address. On this now-famous occasion Huxley saw fit to question the views 
then current among geologists concerning the very principles by which William 
Smith, and later, Lyell, Sedgwick, and Murchison had built up the grand outlines 
of historical geology. In superb English, lucid and incisive, he dared to utter the 
blasphemy that identity of faunal content in strata did not necessarily establish 
contemporaneity. He argued that all the paleontologist could establish by study of 
assemblages of fossils was that they succeeded each other in the same order, but that 
similarity of succession was not the same thing as identity in time. He coined the 
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term “homotaxis” to cover this concept of similarity of order or serial relation. He 
wrote: 


... the moment the geologist has to deal with large areas or with completely separated deposits, 
then the mischief of confounding that ‘homotaxis’ or ‘similarity of arrangement,’ which can be 
demonstrated, with ‘synchrony’ or ‘identity of date,’ for which there is not a shadow of procf, under 
the one common term of ‘contemporaneity’ becomes incalculable and proves the constant source of 
gratuitous speculations. . . . For anything that geology or palaeontology are able to show to the con- 
trary, a Devonian fauna and flora in the British Islands may have been contemporaneous with 
Silurian life in North America, and with a Carboniferous fauna and flora in Africa” (1862, p. xlvi) 


Huxley’s bomb-shell was a dud. His argument was based on a false premise. 
Later study has shown conclusively that in terms of geological chronology the rate of 
dispersal of marine organisms may safely be neglected. 

Yet the fundamental assumption which Huxley was attacking, that geological 
contemporaneity is the same as chronological synchrony, was logically unsound. 
This fundamental assumption is current today, it is still a “constant source of gra- 
tuitous speculations,” and it is still logically unsound. 

Huxley was right to question and to criticize. Stratigraphers need a Huxley at 
this moment. Our science is tied to hypotheses and concepts which have lost their 
vitality. It seems to me that the basic principles of stratigraphy need rethinking. 


CRITERIA OF CORRELATION AKE LOGICALLY VULNERABLE 


I wish to present this thesis: Because of the sterility of its concepts, historical 
geology, which includes paleontology and stratigraphy, has become static and un- 
productive. Current methods of delimiting intervals of time, which are the funda- 
mental units of historical gevlogy, and of establishing chronology are of dubious 
validity. Worse than that, the criteria of correlation—the attempt to equate in 
time, or synchronize, the geological history of one area with that of another—are 
logically vulnerable. The findings of historical geology are suspect because the 
principles upon which they are based are either inadequate, in which case they should 
be reformulated, or false, in which case they should be discarded. Most of us refuse 
to discard or to reformulate, and the result is the present deplorable state of our 
discipline. 


SEDIMENTATION AND PALEOECOLOGY 


Two solutions are offered for criticism. Neither is original. The first follows 
from the fact that historical geology is deduced ultimately from study of three enti- 
ties—the stratal unit, the fossils entombed therein, and the nature of the surfaces of 
contact between rock units. Study of these three categories enables the historical 
geologists to delimit intervals of time and, within limits, to correlate the episodes 
deduced for one area with those deduced in another. The hypothesis I advance is 
that the fossils and the rocks which contain them are intimately related, being the 
associated end products of certain physical and organic processes which operated in 
a certain environment; and that in some measure the nature of the rock and the 
character of the fossil assemblage are indicators of, or at least provide clues to, those 
processes and that environment. 
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SEDIMENTATION AND PALEOECOLOGY 3 


A positive part of my thesis, therefore, is that the principles of stratigraphy must 
be founded upon an integration of sedimentation and paleoecology, upon studies of 
the intimate dynamic relationships of sediments and fossils. In areas of successions 
of varied lithological type, criteria of correlation which exclude the primacy of en- 
vironmental control upon rock type and fossil assemblage are without validity. This 
point of view should not be strange to American workers, for it is in the United States 
that studies of sedimentation and paleoecology have made the greatest progress in 
recent years. I need only remind you of the brilliant pioneer work of Joseph Barrell, 
of W. H. Twenhofel’s Treatise on sedimentation, and of the symposium, edited by 
Parker Trask, on Recent marine sediments (1939). In the United States, too, the 
fundamental concepts of ecology, as applied to paleontology and stratigraphy, have 
been elucidated and applied with greatest success. American workers have been 


" pre-eminent in this field. The basic postulate of their research has been that “the 


basis for interpretative work in paleoecology is knowledge of those conditions which 
are essential to the success of species similar to those observed in fossiliferous de- 
posits” (Myers, 1943, p. 439). I would remind you of the splendid work of Norton 
(1930), Natland (1933), and, in particular, of Myers on the biology of the smaller 
Foraminifera in relation to paleoecology, and of Kleinpell, using some of these studies 
in his Miocene stratigraphy of California (1938); of Vaughan’s long-continued and 
fruitful studies of the orbitoid Foraminifera (1933) and of the ecology of the stony 
hexacorals (1918). I need only mention these things because in 1940 Vaughan, with 
a wealth of personal knowledge and experience which I do not possess, digested this 
material and made it the basis of a masterly presidential address to The Geological 
Society of America. It is no coincidence therefore that the National Research Coun- 
cil’s Committee on Marine Ecology as related to Paleontology, with Dr. Harry S. 
Ladd as Chairman, dates from 1941. This committee now promises a Treatise on 
marine ecology and paleoecology with annotated bibliographies; this should mark the 
beginning of a new era in historical geology. 

In his presidential address Doctor Vaughan summed it up neatly: “.... there 
should be unremitting attempts to make interpretations of the environments of 
ancient biological assemblages, . . . there should be continuous shuttling from studies 
of the modern to studies of the ancient and back again from the ancient to the mod- 
ern” (1940, p. 466). 

A reading of current contributions to stratigraphy, particularly of Palaeozoic 
stratigraphy, however, suggests that this lesson has yet to be learned by many. 


THE FACIES CONCEPT 


The intimate relationship between stratal type and faunal or floral content, the 
whole environmentally determined, is the core of the old geological concept for which 
the term “facies” was originally proposed. It is possible, therefore, to state this part 
of the argument in another way. Sound principles of correlation involve the facies 
concept, and criteria which neglect this concept lead to ill-founded generalizations. 

Stratigraphy based on the facies concept is rich in promise, for that concept calls 
for a nice blending of proved principles, such as the Law of Superposition, with the 
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findings of the new disciplines of sedimentation and ecology. Such a stratigraphy 
would give a tremendous, and much needed, impetus to paleontology and, inciden- 
tally, provide the answer to J. B. Knight’s presidential query “Paleontologist or Geolo- 
gists?” (1947). 

The paleontologist :s a biologically trained geologist, and the false division of 
biologically trained geologists into stratigraphers and paleontologists should dis- 
appear. 


STUDY OF EVOLVING LINEAGES 


The second path by which I think historical geology can advance, hopeful of reward, 
is increased studies of restricted groups of organisms as they evolve in time through 
strata of uniform lithology. Study of evolving lineages, as opposed to study of the 
succession of faunas as faunas, has been almost completely neglected by American 
stratigraphers and paleontologists. The classic examples of this type of work are 
Carruther’s paper (1910) on Zaphrentis delanouei in the Carboniferous limestones of 
Scotland which Elles called “‘the most perfect little study in stratigraphical palaeon- 
tology that has yet been given to the geological world. . . . (1929, p. 130); and Rowe’s 
analysis (1899) of the micrasters of the English Chalk. By confining this type of 
work to successions of strata of uniform lithology and thereby eliminating the 
ecological factor, it is possible to deal with true lineages, to trace their evolutionary 
history for greater or lesser intervals of time, knowing with reasonable certainty that 
we are dealing with tlc etiecits of time and can study the various stages of develop- 
ment from their inception through the total duration of each. For time units we 
have biochrons instead of teilchrons, that is, we have species for their total existence, 
not, as in sequences of strata of varied lithology, for their local or apparent duration 
with, perhaps, segments chopped off at top or bottom because of an environmental 
change and migration of the lineage. 

The value of lineage studies, apart from their supreme evolutionary significance, 
lies in the correlative value of the incoming of new stages of development which are 
successive in time. Research of this type has been restricted because thick suc- 
cessions of strata of uniform lithology are not common, and when they occur are 
often geographically restricted. 

I hope to show that lineage studies need not be restricted geographically. They 
can be linked up with the facies concept and can be carried out wherever facies-shift 
takes place. 

The two paths by which historical geology can advance are almost untrodden. I 
suggest that they may lead to a revitalized, productive, and thrilling science based on 
logically consistent principles. 

I may be thought inconsistent to want more ecology and want to eliminate the 
ecological factor. The answer is that if lineage studies can be linked with facies- 
shift then the ecological factor becomes doubly important, for the only true criteria 
for the recognition of facies are basically ecological. 
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CRITICISM OF MODERN STRATIGRAPHY 


CRITICISM OF MODERN STRATIGRAPHY 


By constrast so much of modern stratigraphy is uninspired, dull, and dead. There 
are shining exceptions, such as McKee’s The environment and history of the Toroweap 
and Kaibab formations of Northern Arizona and Southern Utah (1938), the reading oi 
which was a thrilling experience; and the brilliant study by Cooper and Williams of 
the Tully formation of New York (1935). 

Significantly the theme of both these studies is the tracing of faunal changes spa- 
tially in stratal units deposited during a small unit of time, or in other words, the 
tracing of facies relationships in the field. 

Unfortunately few modern stratigraphical studies have this power to excite. The 
reason is, I believe, that we are siill using the principles which in the hands of William 
Smith burst like a liberating stream through the darkness of early nineteenth-century 
geology. But that stream has lost its vigor; it is in danger of drying up; it needs 
to be replenished at its source. The two principles which served William Smith—the 
Law of Superposition, and his own brilliant hypothesis—are still the stock-in-trade 
of most stratigraphers. 

How often have you heard or read a statement like this, “When two deposits of 
the geologic column have been found to hold pretty much [nice elastic term] the 
same organisms it has been assumed that the two deposits have synchronous time 
relations”? Of course, there is sometimes more precision, and many new techniques 
have been developed, but fundarnentally correlation by the indentity of fossil as- 
semblages-—even when this practice is disguised as “‘correlation by use of overlapping 
biochrons”—has not changed significantly since the birth of stratigraphy. You 
might reply, particularly if you have been associated with micropaleontologists and 
with oil companies, “why worry, these methods produce results!’ Well, sometimes 
they do, but I submit that that is no criterion of their validity as methods of estab- 
lishing identity of date. 

Another criticism must be made of current contributions to stratigraphy. While 
some of them record data of interest to the paleoecologist, it is almost invariably 
incidental, scattered, and unorganized. But even more exasperating is the almost 
universal failure to record observations which could be highly significant to one 
trained in the ecological approach. One suspects that most stratigraphers are un- 
aware of this incompleteness in their work; yet it is a standing reproach. Let me 
illustrate what I mean. One of the admirable features of many American papers on 
stratigraphy is the measured section. The stratal units are briefly described in 
sequence under formation headings, the thicknesses are given in feet and inches, and, 
if the section is fossiliferous, a list of species is added. The literature includes thou- 
sands of such records of careful detailed field work. AsIsaid they are admirable but 

.! That but contains volumes. One gets the impression that having measured 
his section and collected the fossils—“the recognition symbols and time markers” as 
one authority puts it—the average stratigrapher heaves a sigh and calls it aday. I 
submit that he has missed the kernel of his task. He has failed to realize that the 
rocks and their fossils are intimately related and environmentally controlled, and 
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that the essence of his task is to reconstruct the conditions on an ancient sea bottom. 
If that is too general, let me be more specific. Here are some questions which might 
have been answered as a result of simple observation in the field: Which species are 
most abundant? How do the fossils occur? Are they scattered sporadically through- 
out the rock? Do they occur in local accumulations, or pockets, or as stringers? 
Are they more abundant at the base of the unit? Do they form a roof bed? Are 
they bioherms or reefs? Do juveniles accompany the adults? Is there evidence of 
transportation? Are the shells whole, broken, worn, encrusted, bored by other 
organisms? If bivalved shells such as pelecypods or brachiopods occur what is the 
relationship of the valves to the bedding planes? Do they occur as single valves? 
If so, which valve is present? Do bryozoans encrust the brachiopods? If so, is it 
inside isolated valves, inside closed valves, or on the outside of closed valves? De 
certain groups occi’ to the exclusion of others? Do the species show peculiarities 
of adaptation? Are they highly ornamented or smooth; are they anchored by spines 
to each other, to other species, to the bottom? Are there cemented forms? Is 
there evidence of the mixing of species which must have lived in different environ- 
ments? Are there pelagic organisms with benthic forms? Is there evidence of 
bottom scavengers? Are the shells of optimum size or dwarfed; are they thick or 
thin? 

There is really no end to observations of this type—and all these details may be 
ecologically significant—but, I repeat, one searches in vain for such facts in a large 
part of current stratigraphical literature. The virtual absence of such observations 
is, I fear, symptomatic of a deep-seated weakness in current methods of training 


geologists. Here is a challenge which some of the American universities might 
profitably accept. 


TRUE ROLE OF THE STRATIGRAPHER 


I came across this statement as I prepared this paper. It is from E. C. Case: 
“The stratigrapher and areal geologist is concerned with the fossils only as recognition 
symbols and time markers. The paleobiologist is concerned with them as records 
of a life that is past” (1936, p. 20). This is terrible. The dichotomy is wholly false. 
It is true that far too many stratigraphers have “sold their birthright for a mess of 
pottage;” they are engaged in mapping rock units which they have the temerity to 
date using the “recognition symbols and time-markers” like so many letters on a set 
of pigeon-holes, for purely utilitarian purposes. They serve Mammon,—the oil 
companies, the quarry owners, and those others who exploit the raw materials of the 
earth’s crust. Please do not misunderstand me, I have no quarrel with economic 
geology or with economic geologists. But stratigraphy is a poor thing if this is all 
it is to be. The stratigrapher has a nobler task which is to decipher the story of 
earth history. As I understand it the true stratigrapher is a historian of geological 
events, and prima.ily of past environments, each peopled by appropriate biotic 
communities, and each the scene of physical and chemical processes to which the 
biotic community was intimately related, and by which it was circumscribed. If 
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this be a valid concept then a stratigrapher who is not also a paleobiologist or pale- 
oecologist isa fraud. He is doing only half his job and doing that badly, for attempts 
at correlation which neglect paleoecological considerations are suspect. 


INADEQUACY OF CRITERIA OF CORRELATION 


I have stated here that current criteria of correlation are illogical and inadequate. 
I suggest that this inadequacy is largely due to neglect of paleoecology and facies 
and to failure to distinguish between the total duration of species (biochrons) and 
their local duration (teilchrons). The practice of matching faunas—usually faunas 
determined in a museum by one person but collected by someone else—is quite il- 
logical; and the widely accepted views that dissimilarity of fauna! content indicates 
difference of age, and that similarity of faunal content establishes chronological 
equivalence, are extremely unsafe generalizations. The latter assumption, unless 
based on the opinion of an ecologically trained fieid paleontologist, is just as likely 
to indicate similarity of environment, that’ is, of facies; while the former is flatly 
contradicted by an elementary knowledge of the distribution of Recent biotic com- 
munities. 

One need not search far for further evidence of the weakness of current methods of 
correlation. Good examples are to be found in the series of correlation charts at 
present being published by The Geological Society of America. One honest Chair- 
man has actually included a section on “difficulties of correlation” which he suggests. 
are due (1) to lack of detailed field work in certain areas, and (2) to inadequate paleon- 
tology. I would add that the major difficulty lies in the very nature of current 
criteria of correlation. 

The weakness noted is made glaringly obvious by the existence and duration of 
the never-ending controversies on the boundaries of the major time intervals, for 
example, the Silurian-Devonian boundary problem, the Canadian-Ozarkian problem, 
the Devonian-Cartoniferous problem, and so on throughout the geological column. 

I suggest that the principles of correlation need rethinking, and that they must be 
based on ecological factors, or on lineage studies, or both. Diastrophism is not the 


basis of correlation. 


THE NOMENCLATURE OF FACIES 


An interesting attempt to deal with the nomenclature and principles of facies was. 
made by Caster in his study of the stratigraphy of northwestern Pennsylvania. This. 
pioneer work deserves more attention than it has yet received. According to Caster, 
stratigraphical units, stages or formations, which are separable by originally hori- 
zontal “planes of contemporaneity” are “comprised of contemporaneous laterally 
grading parvafacies of unlike lithology and distinct faunas, whereas a magnafacies is. 
made up of varitemporaneous parvafacies of like lithology and closely related (mu- 
tated) faunas” (1941, p. 21-22). The magnafacies involves continuity of a par- 
ticular parvafacies in time. All that this jargon means is that as the environment 
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changed, so did the sediments and the fossils entombed therein, and that these 
changes took place in space and in time. 

As far as I am aware, the term facies was introduced in 1838 by the Swiss geologist 
Gressly in these words: 


“I am prepared to recognize, in the horizontal extent of a terrane, various modifications, clearly 
distanguished, which offer constant peculiarities in their petrographic constitution as well as in the 
paleontologic characters of their fossil assemblages, and which are subject to definite and but slightly 
variable laws” (quoted from Fenton and Fenton, 1930, p. 147, footnote). 


These “modifications” he termed facies. Consequently Caster’s term parvafacies 
is unnecessary. It is exactly equivalent to facies. For the concept of facies plus 
time, that is, Caster’s magnafacies, I prefer the simpler and older term “phase,” 
first used in this sense by Arthur Vaughan in 1909. The concept was elaborated by 
Dixon (Dixon and Vaughan, 1911), in an account of the Carboniferous succession of 
Gower. For example, Dixon described the Modiola phase, a lagoonal facies of iron- 
rich odlitic limestones and purple and green shales, with a peculiar fauna including 
the pelecypod Modiola, annelids, and ostracods, the whole occurring in a ‘‘normal” 
limestone succession with brachiopods and corals, but varying in age from the base 
of the Cleistopora zone to the top of the Seminula zone. 

I think that the use of facies and phase makes for simplicity and clarity. If I 
appear to be critical of Caster’s terminology it is because I feel that his contribution 
to the philosophy of stratigraphy is too important to be neglected because of ob- 
scurity. His is the type of approach which, in my opinion, promises to yield abun- 
dant fruits, and might well revolutionize stratigraphical concepts and practice. 

One can agree with Caster that “the perfection of facies fauna development in the 
strata deposited in the late Devonian embayment of New York and Pennsylvania 
will undoubtedly eventually render this region classic for the study of such phe- 
nomena.” The work of Cooper on the Hamilton group of New York (1933), of 
Cooper and Williams on the Tully formation (1935), and that of Willard and co- 
workers on the Devonian of Pennsylvania (1939) is additional evidence for this belief. 
But one may perhaps add this rider: If this region is to be really classic, stratigraphy 
must wed ecology. 


FACIES-SHIFT AND LINEAGE STUDIES 


A highly significant feature of the westward facies-shift so beautifully displayed 
in Middle and Upper Devonian rocks in New York and Pennsylvania was indicated 
by Caster. In discussing the nature of facies faunas he wrote: “The successive 
faunas of the several parvafacies of any magnafacies [why not the successive faunas 
of the several facies of any phase?] which is fossiliferous are in the main, mutants 
out of antecedent, that is, stratigraphically lower and easterly, parvafacies [facies]”’ 
(1934, p. 36). 

If Caster’s concept be valid then in regions of facies-shift one should be able to 
make lineage studies without the disturbing factors due to altering environment, by 
collecting the lineage through the phase as it migrates in time and space. Studies of 
lineages need not be geographically restricted, and that is an immense gain. 


x | 
4 
2, 
|. 
. 
4 . 
f 
|; 


these 


ologist 


clearly 
the 


lightly 


facies 
s plus 
hase,” 
ed by 
ion of 
 iron- 
uding 
rmal’’ 
base 


If I 
ution 
ob- 
ibun- 
tice. 
n the 
vania 

phe- 
3), of 
d co- 
elief. 


aphy 


ayed 
cated 
ssive 
unas 
fants 
‘ies}”’ 


le to 
t, by 
es of 


THE PALEOECOLOGICAL POINT OF VIEW 9 


THE PALEOECOLOGICAL POINT OF VIEW 


The essence of the point of view I am presenting lies in the belief that the principles 
of the new stratigraphy must be based on a full understanding of modern ideas in 
the related fields of sedimentation and ecology. This point of view implies that 
past environments may be interpreted in terms of present-day phenomena; that 
ancient sediments were formed under conditions essentially similar to those which 
now exist, and by processes which do not differ in kind from those operating today; 


.and that the distribution of life in the past was conditioned by the environment as at 


present, and by the same factors, such as salinity, temperature, depth of penetration 
of light and others. 

It implies also that fossil assemblages may, in general, be interpreted as selected, 
often highly selected, aggregates of those components of once-living biotic com- 
munities which were capable of fossilization because they possessed calcareous, 
siliceous, or other types of hard parts. 

Some eminent geologists have rejected this point of view, and many neglect it, but, 
in my judgment, the evidence for it is overwhelming. 

I believe that the future of historical geology is bound up with the paleoecological 
point of view which promises a rich reward for its adherents and a science at once 
intellectually satisfying, logically consistent, and of greater practical utility. 

I should like to conclude by paying a tribute to the leaders in the fields I have 
been discussing: to Dr. Parker Trask, editor of the symposium on Recent marine sed- 
iments (1939); to Dr. Harry S. Ladd, Chairman since 1941 of the National Research 
Council’s committee on Marine Ecology as related to Paleontology; and to Dr. T. 
Wayland Vaughan, who during a long and active life has, by his own brilliant re- 
searches and by his encouragement of others, done more than any other individual 
to demonstrate how the findings of ecology can be applied to the interpretation of 


the past. 
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ABSTRACT 


Cryptocrystalline magnesite occurs as relatively small dense, white masses in a 
Tertiary volcanic tuff, here named the Currant tuff, in White Pine and Nye counties, 
29 miles southwest of Ely, Nevada. The deposits are small, but some of the magne- 
site is of very high quality with almost no iron or aluminum. However, much of the 
magnesite is mixed with dolomite and calcite, and a serpentinelike mineral occurs in 
one of the deposits in sufficient abundance to be of possible use in ceramics. 

In scattered areas the tuff has been altered by solutions rich in magnesium and 
bicarbonic acid to dolomite, magnesite, magnesium silicate, and calcite. Mineral 
and chemical characteristics are the same throughout the entire rock assemblage of 
flows and tuffs, suggesting that all the rocks have been derived from the same parent 
mag.aa. The tuff formation, which ranges in thickness from a few feet to over 400 

_ feet, occurs between two groups of volcanic flows here referred to as the lower vol- 
canics and the upper volcanics. The lower volcanics is composed mainly of flows of 
hypersthene dacite, but in the southwestern part of the area flows of a hypersthene 
andesite of balsaltic habit occur between the dacite and the overlying Currant tuff. 
The upper volcanics which overlie the Currant tuff consist of porphyritic quartz 
latite and an overlying massive latite crystal tuff. The Currant tuff containing the 
magnesite has both unmodified and reworked tuff members. 

The formation of hydrothermal dolomite, magnesite, and deweylite is discussed in 
detail, and the physical chemistry of solutions containing calcium, magnesium, and 
carbon dioxide is applied in an explanation of the origin of magnesium-rich solutions, 


INTRODUCTION 


Preliminary studies had indicated that these magnesite deposits of the Currant 
Creek area were of more than usual interest. It was recognized that the lithology 
required particular study in order to prepare the geologic map, and the excellence of 
the exposure of the magnesite deposits suggested that this occurrence might be of 
value in arriving at significant conclusions of origin. 

The purpose of this paper is to describe the minerals and structures resulting from 
the unusual type of alteration and to explain their origin. The alteration to mag- 
nesite is chiefly limited to a fairly definite horizon in the main sequence of tuff beds, 
and so these beds and the associated volcanic rocks are described in considerable 
detail. 
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A stimulating summary of the relationships of magnesite and its occurrence as 
given by (Himmelbauer in Stutzer e¢ al., 1933, p. 249-319) served to orient the mode 
of approach to the problem of origin. 


PREVIOUS WORK 


The magnesite in the Currant Creek area of Nevada was first mentioned and 
described briefly by Fulton and Smith (1932, suppl. to p. 6). Later P. J. Johnson 
submitted to Rubey and Callaghan (Hewett et al., 1936, p. 141-142) samples of the 
magnesite and an associated silicate mineral for examination. In 1942, the Geo- 
logical Survey undertook the detailed study of these magnesite deposits, and the 
work was initiated by Callaghan and was compieted by Vitaliano (in preparation) 
who has prepared a separate report covering the economic geology. Callaghan 
revisited the area in 1943 with Vitaliano, and in 1944 Callaghan, Faust, and Vitaliano 
re-examined the petrologic and stratigraphic features in the field. 
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MODE OF OCCURRENCE 


Deposits of magnesite have been most commonly classified according to textural 
characteristics. Crystalline magnesite marble or “spathic” magnesite, such as 
occurs in large deposits at Gabbs, Nevada (Callaghan, 1933; Hewitt et a/., 1936) 
and Chewelah, Washington (Bennett, 1941; Weaver, 1920; Campbell and Callag- 
han, unpublished rept.), is believed to have formed at great depth by replacement of 
dolomite and is commonly associated with granitic intrusions. Dense and exceed- 
ingly fine-grained magnesite occurs either as sedimentary beds, as at Overton, 
Nevada (Hewitt et a/., 1936), and Needles, California (Vitaliano and Bodenlos, 1945), 
or as veins and replacements in other rocks, notably in the ultrabasic intrusions of 
California (Hess, 1908; Bradley, 1925; Bodenlos, unpubl. rept.), in dolomite as at 
Fish Springs, Utah and Lucerne Valley, California (Callaghan and Vitaliano, unpubl. 
rept.). The deposits in the Currant Creek district near Ely, Nevada, belong to the 
second type but are unusual in being in altered volcanic tuff of late Tertiary age. 
They occur either as the familiar dense nodules or are disseminated through associated 
alteration products. The deposits are small, but some of the nodular magnesite is 
of very high purity with almost no iron or aluminum. Much of the associated mate- 
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rial is dolomite, but in one of the deposits a serpentinelike mineral, deweylite, occurs 
in sufficient abundance to be of possible economic importance. 

The Currant Creek district is in White Pine and Nye counties, about 29 miles 
southwest of Ely, Nevada (Fig. 1). The magnesite deposits occur in the Horse 
Range, a group of relatively low hills of Tertiary volcanic rocks paralleling the 
northwest-trending White Pine Range on its eastern side. The layers of volcanic 
rock dip gently eastward away from the Paleozoic rocks of the White Pine Range 
but are broken by many faults. Some of the fault blocks are covered by alluvium, 
but on the eastern side, and more particularly the western side, the volcanic rocks 
stand out prominently in the dissected fault blocks. The Paleozoic rocks are over- 
lain by a series of flows consisting chiefly of dacite, and many of them show prominent 
flow structure with interlaminations of stony and glassy rock. In the western part 
of the area, near the Ala-Mar deposit, the dacite is overlain by volcanic breccia, 
tuffaceous in places, which in turn is overlain by basaltic andesite having a vesicular 
and basaltic appearance at the top. The dacite, volcanic breccia, and the basaltic 
andesite are grouped together as the lower volcanics. The host rock of the magnesite 
and associated minerals is a bedded tuff formation (the Currant tuff), from a few feet 
to over 400 feet thick, which overlies the lower volcanics. The tuffs seem to have 
been deposited on an uneven flow; they are protected from erosion by the overlying 
latite included in the upper volcanics. There is some evidence that in the eastern 
part of the area the tuff was deposited on a fairly even slope, and the greater thick- 
ness of fossiliferous and reworked tuff near the Windous mine suggests that the 
greatest depth of the lake water was in the eastern part and that the source was to 
the west. The latite is exposed over a large part of the district; but east of the 
Ala-Mar mine it is overlain by latite crystal tuff. The distribution of the main vol- 
canic rock units is shown in the accompanying map (PI.1). The dominant structural 
feature is an east-dipping monocline, broken by many normal faults which in general 
trend northeastward. The association of magnesite-bearing areas with faults 
suggests that the faults provided the channel ways for the ascent of the magnesium- 
bearing solutions. 


STRATIGRAPHIC SEQUENCE 


The sequence of Tertiary beds in the Currant Creek magnesite district is best 
exposed near the Ala-Mar mine in the southwestern part of the area and near the 
Windous mine in the northeastern part of the area. The sequence is divided into 
three mappable units: the lower volcanics, a formation here termed the Currant tuff, 
and the upper volcanics. The host rock for the magnesite is the Currant tuff. 

Near the Ala-Mar mine the lower volcanics consist of a series of dacite flows and an 
overlying basaltic andesite which are commonly separated by a volcanic breccia. 
The dacite flows are mainly reddish brown and porphyritic, with glass or vitrophyric 
layers and lenses. The glassy phase is more prominent in the vicinity of the Windous 
mine. The coarse volcanic breccia, approximately 100 feet thick, is composed 
chiefly of fragments of the dacite but contains beds of white tuff which are in places 
very similar to that of the overlying Currant tuff. The basaltic andesite is about 
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Ficure 1.—Index map of Nevada 
Showing the location of the magnesite deposits in the vicinity of Currant Creek. The area is about 29 miles southwest 
of Ely. 


120 feet thick and consists of a platy dense facies at the base and a very vesicular 
basaltic-appearing facies at the top. The vesicular facies is 10 to 20 feet thick, and 
much of it is colored red by hematite. The measured section of the Currant tuff at 
the Ala-Mar deposit is 435 feet thick, but the thickness, even locally, is highly 
variable. The tuff is overlain by the upper volcanics which is composed of a series of 
flows of porphyritic quartz latite, which almost everywhere is a very fresh-appearing 
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rock in contrast to much of the dacite and other underlying rocks of the lower vol 
canics. The latite is the youngest rock and so is eroded to a variable extent. It is 
several hundred feet thick northwest of the Ala~Mar mine where it makes up the 
prominent hills of the Horse Range, but in the vicinity of the Windous deposit it con- 
sists of a single flow in general less than 50 feet thick. 

The measured section of the Currant tuff is at the Ala~Mar magnesite deposit in 
fault contact with the lower volcanics. The geologic column, Table 1, gives the 
petrologic variations of the formation and contains the names, descriptions, and 
partial analyses of the different rocks derived from microscopic-petrographic studies 
and chemical separations. This section and the section at Windous Butte were 
measured by C. J. Vitaliano and D. K. Hamilton. 

The detailed laboratory work presented in this paper, combined with observations 
in the field, leads to certain interpretations as to the conditions of accumulation of the 
tuffs and tuffaceous sediments and their alteration. 

The Currant tuff shows marked fluctuations in the processes of deposition. The 
freshness, angularity, lack of alteration, and the petrographic evidence for the con- 
sanguinity of the tuff constituents and the enveloping igneous rocks indicate very 
strongly that the source of the ash was not far from its present occurrence. 

All available evidence for the mode of deposition indicates accumulation of (1) 
fresh vitric and crystal-vitric tuffs, and (2) a fanglomerate that appears to represent 
several cycles of deposition. Pebbles or small boulders of basaltic andesite up to 7 
inches in length are embedded in volcanic ash. Vitaliano has estimated that the 
pebbles constitute 60 to 80 per cent of the mass. The presence of basaltic andesite 
indicates that the pebble-bearing beds, which in part underlie the vitric tuffs, accumu- 
lated as a result of the erosion of areas at greater elevations as the pebbles are identical 
in composition with the basaltic andesite of the fault breccia. Vitric tuffs may have 
been contributed during the formation of the fanglomerate. Tuffs related in com- 
position to those which underlie the fanglomerate were still being deposited when the 
deposition of the fanglomerate ceased. The vitric tuffs, above the fanglomerate, 
show the development of some montmorillonite and the introduction of minor 
amounts of calcite. Above them lie three hydrothermally replaced parts of the 
Currant tuff. The lower two are separated by a 1-foot seam of yellow montmoril- 
lonite-bearing tuff, or bentonite, which appears to have resisted replacement because 
it was more or less impervious. The lowest part of the hydrothermally replaced 
tuff is believed to have been originally an altered volcanic tuff. During the original 
alteration its glass was largely converted to montmorillonite, and calcite was added 
both as an infiltration product and as a direct replacement, through the agency of 
meteoric waters, of the tuff constituents. Subsequently, hydrothermal solutions 
produced the existing vuggy rock. The minerals now present, in variable quantities, 
are magnesite, in part nodular; dolomite; and a hydrous magnesium silicate, dewey- 
lite. Second-generation calcite, introduced much later from cool waters, is also 
present. The lowest part of the replaced tuff is 30 feet thick. The middle part of 
the replaced tuff is 70 feet thick and except for its denser appearance is similar in 
origin, composition, and structure to the lowest part. It also exhibits the vuggy 
structure, but second-generation calcite, generally coarse-grained, fills the smaller 
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TABLE 1.—Section of the Currant tuff at the Ala~-Mar magnesite deposit, sec. 34, T. 12 N., R. 59 E., 
Nye County, Nevada 
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re: Calcite-bearing vitric tuff. Thin-} A-1016 In this member there is considerable variation 
placed bedded; white. in the amount of carbonate. The particular sample 
riginal studied is made up of 50% calcite and 50% tuff con- 
added stituents. Acid insoluble material is chiefly volcanic 
ncy of glass. Tuff minerals present are: plagioclase, horn- 
ations blende, magnetite, and hypersthene. Montmoril- 
oa lonite replaces volcanic glass. 
tines, 2 | Vitric tuff. Voids filled with cal-| A 1015 This tuff was originally deposited as a porous 
ewey- inches cite; gray. tuff. Shards are well developed and coarser than in 
s also the usual tuff of this formation. It was then ce- 
art of mented by thin films of opaline silica(?) Subsequent 
lar in to lithification calcite formed in the voids, and in each 
| void the calcite grew as a unit. The composition is 
yugey 44% glass and 56% calcite. Tuff minerals are rare. 
naller A little montmorillonite has formed. 
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FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 


TaBLe 1—Continued 


Megascopic character of the rocks 


Petrographic relationships 


5.6 


Vitric tuff. Light gray. 


Vitric tuff. Thin-bedded; gray. 


Tuffaceous limestone Gastropod 
bearing; in part replaced; white 
to light buff. 


Replaced tuff. White to light 
buff; Specimen from the top 5 
feet; the topmost foot is silice- 
ous. 


of magnesite; massive to irreg- 
ular-bedded, altered rocks; 
vugs present; light buff. 


Montmorillonite tuff. Honey 
yellow in color. 


Replaced tuff. Sample taken 70 
feet above the base of this 
member; vugs and soft cavity 
filling; buff-colored. 

Replaced tuff. Massive bedded 
zone; light buff. 


A-1014 This latite type is composed of glass with much 
smaller amounts of plagioclase, sanidine, hornblende, 
biotite, and minor quartz. Montmorillonite has 
formed in some of the glass fragments, and calcite has 
has been introduced into the rock. Biotite is in part 
fresh and in part bleached. This tuff has large well- 
developed shards and is coarser than A-1013. 


A-1013 Fine-grained volcanic tuff containing 91% 
glass, 8% plagioclase and quartz, and 1% of hyper- 
sthene. 


A-1012 Replaced tuff approximately 66% of dolomite 
(with a small quantity of calcite) and 34% insoluble 
material. Residue is largely glass, which has been 
altered, and a smaller amount of the tuff minerals 
which are communly present in the molds or casts of 
the gastropods and ostracods. The gastropod (# inch 
in length) is a fresh-water species. 


A-1011 Replaced tuff. Composition variable; upper- 
most layers rich in silica minerals; most of the rock is 
made up of dolomite, calcite, and deweylite in various 


proportions. 


‘Replaced tuff. Contains nodules} A-1010 This rock contains carbonate of coarse and fine 


grain size. Some of the carbonate is spherulitic mag- 
nesite. Dolomite and deweylite are present in less 
amount. Calcite deposited as a supergene mineral 
fills the veinlets which traverse the specimen and lines 
the walls of cavities, and in part fills the cavities. 
When deweylite is present in significant amounts, the 
facies is called silicate-carbonate rock. 


A-1009 Volcanic glass altered to montmorillonite, with 


coarse grains of quartz, some biotite, and a little horn- 
blende. The rock is quite dense. 


A-1008 Similar to A-1007. Aggregate and spherulitic 


types of dolomite with deweylite containing tiny vein- 
lets and crystals of dolomite. 


A-1007 In thin section this rock shows an intergrowth 


of dolomite grains which exhibit patchy extinction, 
and some spherulitic magnesite. The carbonates are 
fine-grained, the principal carbonate is dolomite, the 
minor carbonate is magnesite. Coarse veinlets of 
carbonate traverse the section. Deweylite is present. 
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TABLE 1—Continued 


11.3 


9.5 


9.3 


31 


7.4 


Megascopic character of the rocks 


Petrographic relationships 


White; powdery. 


Vitric tuff. Gray; fine-grained; 
thin-bedded; 1-inch seam of re- 
worked material about 2 feet 
from the base. 


Vitric tuff. Brown biotite flakes; 
partly stained by iron; 1 foot 
of fanglomerate at top. 


Vitric tuff. Cross-bedded at top; 
coarse-grained at base; gray. 


Fanglomerate. Coarsest pebbles 
up to 6 or 7 inches in diameter. 
Pebbles are basaltic andesite 
in a tuff matrix. Pebbles con- 
stitute 60% to 80% of the 
mass. Partings of fine-grained 
material at 29 feet (= 0.5 feet); 
at 25.5 feet (= 0.6 feet); at 16 
feet (= 0.3 feet); at 15 feet 
(= 0.4 feet); and at 5 feet (= 1 
foot). 


Crystal-vitric tuff. Greenish; 
biotite and feldspar grains up 
to 1 mm. in diameter. 


A-1007 (a) A more or less powdery material occurs at 


the base of this member. It consists of a dolomite- 
magnesite solid solution and in some specimens carries 
a little deweylite. 


A-1006 (a) A banded tuff of varying grain-size, but 


within the the span of the fine-grained sizes. It is 
made up of glass; with minor amounts of lithic frag- 
ments and quartz, plagioclase, and flakes of biotite. 
A very small amount of calcite has been introduced. 
A-1006 (b) This rock is similar to (a) but coarser. 
A very small amount of calcite has been introduced. 
This specimen appears to represent the greater portion 
of this member. 


A-1005 This rock is chiefly volcanic glass, which ex- 


hibits incipient alteration to montmorillonite. The 
minerals present in minor amounts include broken 
plagioclase crystals, hornblende, hypersthene, shreds 
and plates of fresh and bleached biotite. The light- 
colored minerals greatly exceed the dark minerals. 
There is some lithic material present. The tuff grains 
are well sorted. 


A-1004 This rock is made up principally of volcanic 


glass with small amounts of lithic fragments and plagi- 
oclase and still smaller amounts of hornblende, hy- 
persthene, biotite, and magnetite. The crystal frag- 
ments are angular. Incipient development of mont- 
morillonite from the glass. Absence of finest sizes 
indicates sorting. 


A-1003 This specimen is volcanic glass containing mag- 


netite dust and showing incipient formation of mont- 
morillonite. Crystals are large for the tuff series. 
Crystals and fragments of minerals are present in 
minor amounts and include plagioclase, hypersthene, 
hornblende, magnetite. Very rarely quartz grain was 
observed. 
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FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 


TABLE 1—Concluded 


Thick- 
am) Megascopic character of the rocks Petrographic relationships 
ee! 
7.5 | Vitric tuff. Biotite flakes and | A-1002 This rock is chiefly glass and contains a smaller 


8.5 


17.8 


lithic fragments easily discerni-| amount of plagioclase, hornblende, magnetite, and 
ble. hypersthene. Some of the hypersthene is being trans- 
formed to hornblende. 


Crystal-vitric tuff. Water-laid; 


A-1001-s Dacitic tuff. This is composed of volcanic 


contains fragments of basaltic glass, lithic fragments, and crystals of plagioclase, 
andesite. One-inch tuff part- quartz, hypersthene, biotite, and magnetite. Some of 
ing at the base. the pyroxene has gone over to montmorillonite. The 


Vitric tuff. White and gray ele- 
ments; lithic fragments of ba- 


tuff is suggestive of the dacite of the lower volcanics. 


A-1001-t Tuff parting at the base is a crystal-vitric 
tuff and consists largely of volcanic glass with about 
25% crystals. These crystals are plagioclase, horn- 
blende, hypersthene, and magnetite. Some of the 
hypersthene is being converted to hornblende, while 
other grains are being replaced by beidellite. 


A-1000 Tuff consisting principally of volcanic glass (in 
part pumiceous), 2 small amount of plagioclase, and 


salt and tuff embedded in tuff; still smaller amounts of hypersthene and magnetite, 

the top 5 feet contains more Plagioclase is zoned. Minerals, particularly the 

lithic fragments. plagioclase, suggest this tuff is related to the perlitic 
Fault contact with fault breccia. dacite. 

Basaltic andesite (lower 

volcanic). 


* All percentages refer to percentage by weight. 


cavities and forms encrustations in the larger vugs. The upper part of the hydro- 
thermally replaced tuff, 41 feet thick, is a “‘silicate-carbonate” rock, and it resembles 
the eastern deposits in both composition and appearance. The upper foot or so is 
very siliceous. 

The replaced tuffs were probably similar to the tuffs below them. This is partic- 
ularly true for the lower and middle parts. The overlying fossiliferous bed which 
appears to grade into the siliceous zone of the upper part of the hydrothermally 
replaced tuff suggests that the silicate-carbonate rock zone may have been a reworked 
tuff containing much calcite. The fossiliferous tuff contains gastropod shells, as 
much as three-eighths of an inch in length, diatoms, and some fragments of ostracods 
embedded in a calcareous groundmass containing altered glass fragments and tuff 
minerals. These relationships suggest that after the accumulation of the tuff beds, 
described above, their upper part was covered by a fresh-water lake and reworked. 
The lake waters carried calcium bicarbonate which they deposited as calcite, and they 
also contained the fauna and flora now represented as fossils. 
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STRATIGRAPHIC SEQUENCE 21 


The lake period was followed by one of volcanic activity, during which 50 feet of 
pure volcanic ash was laid down. Subsequently, a later fresh-water lake reworked 
some of the volcanic ash, and in it was deposited a tuffaceous limestone that con- 
tains diatoms and shell fragments. Pure volcanic ash then accumulated and was 
succeeded by a thick calcareous tuff which contained coarse crystals and lithic frag- 
ments and which closed the period of formation of the Currant tuff. 

A continuous stratigraphic section of the tuff was not found in the eastern part of 
the Currant Creek district. At Windous Butte, northwest of the Windous magnesite 
deposit, the uppermost 194 feet of the section was measured and later studied petro- 
graphically. The section is presented as Table 2. The stratigraphy of the middle 
and lower parts of the section has been constructed from the sections at the Windous 
magnesite deposit and near by. This composite section provides a good example of 
the stratigraphic relations of the eastern deposits, which agrees with field observations 
and laboratory studies on materials from the neighboring Rigsby and Chester 
localities. 

Above the lower volcanics at Windous Butte lies the Currant tuff. The lower part 
of the section consists of various types of tuff similar to those of the Ala-Mar area. 
As at the Ala-Mar deposit the hydrothermally replaced tuffs, containing magnesite, 
belong to the middle portion of the tuff beds. They are overlain by the silicate- 
carbonate rock. This rock grades upwards into a zone very rich in chalcedony as in 
the Ala-Mar section. The chalcedony-rich beds appear much thicker than in the 
western deposits. Above the hydrothermally replaced tuffs the section has been 
cut off by normal faulting. 

The uppermost 194 feet of the section is well exposed at Windous Butte, three- 
quarters of a mile northwest of the magnesite mine. This section is composed of 
approximately 95 feet of volcanic tuff of both vitric and crystal-vitric members; of 62 
feet of tuffaceous limestone, and of 15 feet of reworked tuffs. These rocks are sim- 
ilar in mineral composition and alteration to those in the western portion of the area, 
except for their greater amount of reworked materials. The greater proportion of 
reworked tuffs, the more abundant tuffaceous limestone, and the wider faunal and 
floral distribution throughout the upper third of the column suggest that the eastern 
portion of the area was somewhat lower than the area at Ala-Mar and so was covered 
byfresh-water lakes fora longer time. Fresh-water diatoms, ostracods, and gastropods 
constitute the fossil assemblage. The diatoms were studied by K. E. Lohman, and the 
presence of ostracods was confirmed by L. G. Henbest. The diatoms occurring at the 
Chester deposit in the eastern part of the area resemble connected vertebrae. Loh- 
man has identified the diatoms at Chester and elsewhere in the area as the nonmarine 
species Melosira granulata (Ehrenberg) Ralfs and the species Frustulia rhomboides 
(Ehrenberg) De Toni, and he states that the tuff formation containing them is no 
older than the Miocene. 
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TABLE 2.—Section of the Currant tuff at the Windous Butte, sec. 31, T. 13 N., R. 61 E. 


Megascopic character of the rocks 


Petrographic relationships 


6.6 


9.5 


19.5 


14.2 


8.2 


8.2 


12.8 


16.5 


Porphyritic quarts latite (upper 
volcanics) 


Latitic tuff. Pink; friable; thin- 
bedded at base; coarse-grained 
at top. 


Latitic tuff. | Cream-white 
speckled with biotite; grading 
from thick-bedded at base to 
thin-bedded at top. 

Tuffaceous conglomerate. Peb- 
bles of volcanic-flow rocks. 
Pebbles range in size up to } 
inch; buff. 


Tuffaceous limestone. Coarse- 
grained; rather thick-bedded; 
gray and buff. 


Tuffaceous limestone. Medium- 
to coarse-grained; grading to 
tuff at top; gray. 


Vitric tuff. Thin-bedded; di- 
atom bearing. 


Latitic tuff. In part green and 
in part white; top 3 feet ex- 
tremely friable. Speckled with 
biotite. 


Tuff. Much weathered; green 
tuff at top. 


W-39 Quartz, plagioclase, sanidine, biotite, tuffaceous 


fragments (largely pumiceous), with a little magnetite, 
and traces of hornblende embedded in a groundmass 
of pumiceous glass. Light-colored minerals greatly 
exceed the dark-colored ones. Mica flakes are ori- 
ented parallel to bedding. 


W-38 Similar to W-39 but contains less biotite and 


more tuffaceous fragments. Rock is more coherent 
than W-39. 


W-37 Coarse fragments of tuff, and plagioclase, quartz, 


and sanidine, smaller fragments of hypersthene, horn- 
blende, biotite, basaltic hornblende, augite, and mag- 
netite. Montmorillonite replaces the glass and is 
present, in part, in the interstices as spherulitelike 
structures. 


W-36 Mineral grains and tuffaceous fragments are 


coated with an isotropic mineral and look like rounded 
grains. Some grains have calcite in the coating. 
These bodies are embedded in anhedral calcite. Min- 
erals present: quartz, sanidine, plagioclase, hyper- 
sthene, biotite, and hornblende. Montmorillonite re- 
places volcanic glass. 


W-35 Plagioclase, sanidine, quartz, biotite grains, and 


tuffaceous fragments embedded in a matrix of anhedral 
calcite grains. Contains a few diatoms. 


W-34 Fine-grained vitric tuff. Latitic type with abun- 


dant diatoms. In part reworked material. Com- 
posed principally of volcanic ash and tuffaceous frag- 
ments. Smaller quantity of plagioclase, quartz, bi- 
otite, sanidine, and some very small hornblende 
crystals. Calcite has been introduced locally. A few 
of the diatoms have been replaced by calcite. 


W-33 Large crystal fragments of plagioclase, quartz 


biotite, sanidine, and tiny fragments of hornblende 
are embedded in a fine-grained matrix of volcanic ash. 
Tuffaceous fragments are also present. Very small 
quantity of calcite euhedra has been introduced. 


W-33 No specimen. 
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TABLE 2—Continued 
Thick- f 
rN Megascopic character of the rocks Petrographic relationships 
1.4 | Tuffaceous limestone. Fossil- | W-32 Crystal fragments of plagioclase, quartz, hyper- 


2.8 


3.5 


4.9 


4.2 


1.4 


2.8 


4.9 


2.1 


iferous; gray. 


Vitric tuff. Fossiliferous; thin- 
bedded; fine-grained. 


Tuffaceous limestone. White 
with a thin bed of green biotite- 
bearing tuff. 


Reworked tuff. Fossiliferous. 


Bedded tuffaceous limestone. 
Fossiliferous; gray and white 
layers. 


Covered; limestone? 
Tuffaceous limestone. Gray. 
Tuffaceous limestone. Thin- 


bedded; gray; fossiliferous. 


sthene, hornblende, and biotite, together with particles 
of tuff are distributed evenly throughout a crystalline 
matrix of calcite. Very small amounts of adventitious 
detrital minerals are present. Some of the tuffaceous 
grains have been replaced by montmorillonite. A few 
diatoms are present. Calcite 43%, insoluble matter 
57%. 


W-31 Latitic-type volcanic ash, principally glass, with 
slightly coarser fragments of the tuff minerals. Ostra- 
cods made up of calcite and diatoms resembling 
“linked tin-cans” are distributed through the rock. 
Fine-grained calcite disseminated through the tuff. 


W-30 Bedded tuff consisting largely of tuffaceous lime- 
stone with layers of crystal-vitric tuff of latitic type. 
Ostracods are present in the calcareous portion. 


W-29 Made up largely of fine-grained volcanic ash, 
shards visibie at 500X magnification. Tuff minerals 
are of the latitic suite: plagioclase, quartz, sanidine, 
hornblendeand biotite, and are of variable size, which 
make up only a small part of the thin section. Calcite 
is present largely in local areas and as very finely dis- 
seminated grains in the matrix. Contains ostracods 
and diatoms. 


Same as W-29. 


W-28 Thin section of white material. Beds vary in 
the quantity of calcite present and in the size of the 
tuffaceous fragments and minerals. Tuff minerals are 
quartz, plagioclase, biotite, hypersthene. Adventi- 
tious hornblende, augite, present in minor quantities. 
Contains ostracods and diatoms. Montmorillonite 
and calcite have replaced the tuff fragments. 


W-27 This rock exhibits extreme heterogeneity in par- 
ticle size, spanning the grades from tiny glass particles 
to large pumice grains and lithic fragments. Ground- 
mass calcite is of two types: fine-grained, and euhedral 
crystals. Montmorillonite and calcite replace pumice. 


W-26 Quartz, plagioclase, hornblende, biotite, hyper- 
sthene, glass, and tuffaceous fragments embedded in 
a matrix of fine-grained calcite. Some montmoril- 
lonite has formed by the alteration of the volcanic 
glass. Ostracods and diatoms are present. 
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TABLE 2—Continued 


Megascopic character of the rocks 


Petrographic relationships 


4.2 


2.1 


3.7 


2.2 


2.8 


6.0 


4.0 


Vitric tuff. Thin-bedded; fos- 
siliferous; white. 


Tuffaceous limestone. Gray; 
fossiliferous. 


Same as W-24. 


Tuffaceous limestone. Coarse- 
grained; gray. 


Crystal-vitric tuff. Gray. 


Vitric tuff. Thin-bedded; gray; 
fossiliferous. 


Calcareous tuff. Reworked; fos- 
siliferous; thin-bedded. 


Calcareous tuff. Fossiliferous; 
thin-bedded. 


W-25 Very fine-grained vitric tuff containing a minor 


quantity of fine-grained crystalline material. A few 
ostracods and diatoms are present. 


W-24 Coarse lithic fragments and grains of pumiceous 


habit; medium-sized plagioclase, quartz, sanidine, and 
hornblende; small crystals of biotite and hypersthene 
embedded in calcite. Pumice is in part converted to 
montmorillonite. Calcite has been introduced into 
the tubes in the pumice and has in part replaced the 
pumice. Ostracods are present. 


Same as W-24 


W-23 Latitic suite of minerals. Coarse lithic frag- 


ments and coarse crystal fragments of quartz; plagi- 
oclase, biotite, hornblende, sanidine, and hypersthene 
set in a coarsely crystalline matrix of calcite. Re- 
placement of the volcanic glass by calcite and mont- 
morillonite. 


W-22 Latite type. Fragments of quartz, plagioclase, 


sanidine, biotite, hornblende, hypersthene, and pumi- 
ceous fragments embedded in finer volcanic ash. In- 
cipient montmorillonitization of the glass commencing 
along the walls of the tubes in the pumice. Diatoms 
are sparsely scattered throughout the tuff. Very mi- 
nor amount of calcite present. 


W-21 Dominantly volcanic ash with a small amount of 


crystalline material. Much finer-grained than W-22. 
Minor quantity of diatoms. The lune-shaped cross 
sections of the ostracods which now are composed of 
calcite stand out in bold relief in contrast to the matrix. 
Tiny dots of calcite sprinkled throughout the matrix 
are easily seen under crossed nicols. 


W-20 Crystal fragments of plagioclase, quartz, biotite, 


hornblende, hypersthene embedded in a matrix of vol- 
canic glass particles. Calcite and montmorillonite 
have replaced the tuff. The thin section shows band- 
ing. Similar to W-19 but has more calcite. Contains 
diatoms and ostracods. 


W-19 Consists of volcanic glass through which is scat- 
tered small particles of calcite. In addition, fragments 
of plagioclase, quartz, biotite, hornblende, and hyper- 
sthene are present. Montmorillonite and calcite have 
formed at the expense of the volcanic glass. Diatoms 
and ostracods are present. 
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TABLE 2—Continued 


0.6 


8.9 


5.1 


1.4 


1.4 


4.2 


1.4 


iferous; reworked. 


Vitric tuff. Fossiliferous; re- 
worked. 


Coarse tuffaceous limestone. 


Tuffaceous limestone. Fossil- 


iferous; grayish white. 


Covered. 


Oélitic, tuffaceous limestone. 
Gray-white. 


Covered. 


Vitric tuff. Gray; speckled by 
biotite. 


Thick- 
pr) ) Megascopic character of the rocks Petrographic relationships 
0.6 | Calcareous-vitric tuff. Fossil- | W-18 Made up principally of volcanic glass with 


smaller quantities of fine grains of quartz, plagioclase, 
biotite, and hypersthene. Calcite is present as spher- 
ulitelike structures, as broken ostracod shells, and in 
a pepper-and-salt distribution in the matrix. Di- 
atoms and ostracods scattered throughout the tuff. 


W-17 A few large grains of quartz and some lithic 
fragments are scattered in haphazard fashion through 
a groundmass of vitric material and a very minor 
amount of tuff minerals; biotite is the most conspicu- 
ous tuff mineral and lies essentially parallel to bedding. 
Traces of carbonate have been introduced, and di- 
atoms are present. 


W-16 Coarse fragments of volcanic rock, tuff, quartz, 
and plagioclase, in part surrounded by thin -films of 
carbonate, the whole embedded in coarse-grained 
mosaic of calcite. Coarser calcite grains show poly- 
synthetic twinning and exhibit an anomalous biaxial 
figure with small 2V. In some pumiceous fragments 
replacement by calcite has left only traces of the tube 
structure and tiny fragments of glass. 


W-15 Fragments of glassy pumice, now in part con- 
verted to montmorillonite, grains of quartz, plagio- 
clase, and biotite are embedded in calcite. Rounded 
form of some of the material suggests reworking. 
Contains a gastropod. Ostracods are present. 


W-14 Oélites and mineral grains set in a base of granu- 
lar calcite. Quartz, plagioclase, sanidine, biotite, 
amphibole, and hypersthene are present as discrete 
grains or as nuclei in the odlites. Pumiceous frag- 
ments are also present, free or as nuclei. Odlites con- 
sist of an isotropic layer, locally birefringent, and cal- 
cite layers. All the carbonate was verified to be 
calcite by microscopic and x-ray tests. A gastropod 
cast was observed in one specimen. 


W-13 Principal constituent is volcanic glass as frag- 
ments (in part pumiceous). Crystals of biotite, 
plagioclase, quartz, and sanidine are sprinkled through 
the matrix. Minor accessories include amphibole, 
apatite, magnetite, hypersthene, and others. 
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26 FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 


TaBLe 2—Concluded 


Thick- 


am) Megascopic character of the rocks Petrographic relationships 
eet 


1.4 | Odlitic, tuffaceous limestone. | W-12 Odlites embedded in a medium-grained base of 
Cream-colored. calcite and a smaller quantity of tuff minerals. Odlites 
generally have a grain of plagioclase or quartz as a 
nucleus. Minor quantities of hypersthene are present, 
Oélites show alternating bands of calcite and the iso- 
tropic silicate. Hypersthene crystals exhibit altera- 
tion to beidellite with the production of multiple ter- 
minations. 


9.8 | Covered. 


1.4 | Reworked tuffaceous limestone. | W-11 Principally calcite which is commonly fine 
Porous; cream-colored. grined but which also occurs in coarsely crystalline 
patches. The tuff minerals and pumice fragments 
frequently have a concentric coating and a rounded 
habit that suggests odlitic texture. The pyroclastic 
minerals are plagioclase, quartz, hornblende, and hy- 
persthene. Some montmorillonite has formed. 
Chemical separation shows the composition to be 
67% * calcite and 33% insoluble material, mostly 
glass. 


* All percentages refer to percentage by weight. 


PETROLOGY AND MINERALOGY 
LOWER VOLCANICS 


Hypersthene dacite.—Hypersthene dacite is the principal flow rock of the lower 
volcanics. 

MeEGascopic CHARACTER: The hypersthene dacite ranges in color from reddish 
brown, or purplish brown, through tan to gray, with distinct mottling visible on 
close inspection. The color in the reddish-brown and purplish-brown specimens is 
due to the oxidation of iron to hematite around cavities and vesicles, forming abun- 
dant deeply pigmented areas which are commonly set in a black matrix. The gray 
rocks also are mottled and clearly show the glassy character of the dacite. The 
dacite is commonly characterized by phenocrysts of hypersthene and feldspars up to 
2 millimeters in length. 

The iron in surface flows is commonly oxidized to hematite. Butler, Burbank, 
Broderick, and others (Butler, 1929, p. 34) arrive at the following conclusion about 
the red color of the amygdaloidal tops of the basalt flows of Michigan and of the 
Idaho flows: 


“The conclusion reached . . . is that both the oxidation and the concentration of iron were accom- 
plished b; gases escaping from the solidifying and crystallizing lava. The enclosed gases were either 
neutral or reducing toward iron at the temperature at which the lava emerged but became strongly 
oxidizing as the temperature decreased, with the result that much of the ferrous iron was converted 
to the ferric state.” 
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The gray variety of dacite has 1.67 per cent Fe,O; and 1.71 per cent FeO, and the 
reddish-brown variety has 2.25 per cent Fe,O; and 1.39 per cent FeO. The ratio 


(Fe) is 0.98 for the gray dacite and 1.62 for the reddish-brown oxidized variety. 


These chemical analyses show that the color of the rocks from Currant Creek, 
Nevada, also is due to the change in the state of oxidation of the iron. 

Locally, particularly on a hill east of the Windous area, black chert, opalescent 
chalcedony, brown jasper, and green opal occur in little pockets or veinlets in the 
dacite. These forms of silica are believed to have been produced through thesolution 
of the dacitic glass by meteoric waters and the subsequent reprecipitation of the 
silica. 

Microscopic CHARACTER: Microscopic study shows that the reddish-brown and 
the gray varieties are very similar, but their differences make it advisable to describe 
them separately. 

The gray dacites are characterized by the glassy groundmass. The glass has an 
index of refraction of n = 1.502; the variation in the specimen measured was about 
+ 0.002. Minute bubbles, which sometimes occur in chainlike patterns, and tiny 
crystals are present in the glass. In some of the specimens from the Windous deposit, 
there are perlitic areas which are sometimes as large as 0.6 mm. in diameter. In 
specimens from the Rigsby claim, the perlitic structure is less well developed than in 
the Windous locality. 

Plagioclase, the most abundant crystalline phase, occurs largely as strongly zoned 
broken crystals that contain blotchy or vermiform, slaglike inclusions of glass. The 
crystals commonly are subhedral, although some are euhedral. The zoned plagio- 
clase crystals characteristic of the dacite exhibit pronounced anomalous interference 
colors. The plagioclase is andesine. The orientation of the plagioclase crystals and 
their broken character indicate that the phenocryst minerals are intratelluric. 
Hypersthene and hornblende occur as prismatic crystals. The hornblende is brown 
with strong pleochroism, absorption is Z dark greenish-brown > Y brown > X 
light smoky-brown. The pleochroism of the hypersthene is usually weak. The 
microphenocryst minerals are prisms of apatite and grains of magnetite. Some of 
the magnetite has developed at the expense of hornblende which has been resorbed. 

Micrometric analyses of the gray rock from the Windous and Rigsby deposits are 
given in Table 3, where they are listed as W(a), and R(a) and R(c), respectively. 
The micrometric analyses were computed to weight per cent using the areal percent- 
age of each constituent, as determined on a Hurlbut stage micrometer. The specific 
gravity of the glass was calculated, and the value so derived is 2.40. This value is 
practicaliy the mean of the values obtained from the graphs of George (1924) and of 
Tilley (1922) relating the index of refraction of a glass to its density. These values 
are 2.37 on George’s chart and 2.44 on Tilley’s chart. 

Upon alteration by meteoric waters, the hypersthene of this rock is replaced by a 
member of the montmorillonite group, probably beidellite; the hornblende is bleached 
and decomposed; and part of the glass is altered to montmorillonite. 

The reddish-brown and purplish-brown dacite has a glassy groundmass that con- 
tains many inclusions of hematite dust, tiny lath-shaped microlites of plagioclase, 


se of 

jlites 

asa 

sent, 

iso- 

tera- 
ter- 
fine- 
illine 

1ents 

nded 

astic 

hy- : 
med, 

o be > 
ostly 

ower : 
On 
ns is 
bun- 

gray 

The 
ip to 
ank, 

bout 
the 

either 
ongly 
rerted 


28 FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 


and particles of montmorillonite which prevent the measurement of its index of 
refraction. Plagioclase crystals are the dominant phenocrysts and are usually large 
and more or less stubby. They are markedly zoned and range from about AbssAng 


TABLE 3.—Micrometric analyses of the hypersthene dacite expressed in weight per cent 
Color facies Gray Brown 
'Windous deposit} Rigsby deposit Rex-Pine lode 
Number Wa) R(a) R(c) Altered N.M. (a) N.M.(c) 
4.9 4.3 n.d. 1.6* 
Hornblende............ 5.3 4.3 1.4 tr. tr. 
1.0 0.3 0.1 tr. tr. 
7.0 1.6 3.3 
Quartz (including a very 

small amount of tridy- 

Goundmass............ 60.3 69.9 73.4 74.7 73.8 
100.0 100.0 | 100.0 100.0 100.0 
Composition of the plagi- 

oclase phenocrysts....| AbszAng AbssAng to AbsrAng3 AbssAngs to AbssAngs 

AbaAngs AbsAns | Variable 


* Includes beidellite pseudomorphous after hypersthene. 
t Includes 0.4% montmorillonite pseudomorphous after plagioclase. 
** Includes 3.9% montmorillonite pseudomorphous after plagioclase. 


to AbssAms. Quartz is present as large, partly rounded, fractured grains. Euhedral 
sanidine crystals occur as phenocrysts. Hornbiende is almost entirely absent; only 
a scarce grain was observed. Pleochroic hypersthene has in part been altered toa 
montmorillonite mineral, which appears to be beidellite. Residual cores of unaltered 
hypersthene show the multiple terminations (Ross, et al., 1929, p. 197 Pl. 24A) 
referred to as cockscomb structure, which have previously been observed on augite 
and hornblende. Biotite reacted with the magma and formed magnetite. In some 
biotite crystals, the replacement is practically complete. Small prisms of apatite 


are sprinkled in the groundmass. Tridymite is present in some of the specimens and 
commonly occurs as radiating blades. 

The reddish-brown phase of the dacitic rock shows alteration due to meteoric 
waters. The plagioclase and hypersthene are changed to montmorillonite, and small 
amounts of calcite have been added. 

Micrometric analyses of the reddish-brown and purplish-brown facies of the dacite 
are given in Table 3 [N.M. (a) and N.M. (c)]. 

A comparison of the micrometric analyses of the gray and reddish-brown facies df 
the hypersthene dacite shows some interesting minor differences. The gray dacitt 
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contains hornblende and hypersthene, whereas the reddish-brown facies contain 
biotite and hypersthene. Magnetite is present in the gray facies, whereas its place 
is taken by hematite in the brownish dacite. Sanidine and quartz are occult minerals 
in the gray dacite, as shown by the norm of W(a). 

The petrographic data suggest the identity of the gray and reddish-brown facies of 
this rock, and this is fully confirmed by the chemical analyses. These two an2!yses, 
together with that of the dacite of H. H. Robinson (1913, p. 102), which is included 
for comparison, are given in Table 4. The ferric oxide was much higher in the 
reddish oxidized flows. In the norms computed from these analyses the relation of 
ferric oxide to ferrous oxide is reflected in the appearance of hematite, as in N.M.(a), 
and the disappearance of ferrosilite. Except for the proportions of ferric and ferrous 
iron, these two analyses are so similar that they could represent analyses of two 
samples from the same flow. The norms of these dacites are similar to the norm of 
Robinson’s dacite except that they contain more quartz, less orthoclase, and less 
enstatite. The C.I.P.W. symbol shows the close relationship of all three analyses. 

Basaltic andesite-—This member of the lower volcanics is about 120 feet thick and 
the upper 10 to 20 feet is a vesicular facies. 

Mecascopic CHARACTER: The basaltic andesite is in general black to grayish 
black and dense. Near the top of the flow a vesicular phase varies from grayish 
black to red depending upon the degree of oxidation. The vesicular cavities are 
commonly filled with minerals deposited in the late stage of consolidation of the 
flows, and some cavities contain calcite deposited by supergene waters. The weath- 
ered surface of the dense black type of rock hasa platy structure, a type of weather- 
ing (Callaghan and Buddington, 1938, p. 13) not uncommon among the basaltic 
andesites in the western United States. Visible weathering products formed on the 
surface of the platy fragments are iron oxides and a variety of opal known as hyalite, 
which occurs as colorless botryoidal crusts that fluoresce apple green. 

Microscopic CHARACTER: The basaltic andesite is made up of prismatic crystals 
of pyroxenes and laths of plagioclase feldspar embedded in a dark-brown groundmass, 
which is a brown glass commonly heavily charged with magnetite dust and with 
microlites of plagioclase and wisps of pyroxene. Some varieties of the basaltic 
andesite have a light-colored groundmass which shows less magnetite. Magnetite 
crystals are rarely as large as the phenocrysts. Knotlike aggregates made up of 
pyroxene crystals, or of plagioclase and pyroxene together form the so-called glomero- 
porphyritic texture of Judd (PI. 2, fig.1). In most of the specimens studied, hyper- 
sthene is the most abundant pyroxene, but some crystals contain thin zones of an 
“augitic’” pyroxene. In one specimen from the Rex-Pine Lode, the monoclinic 
pyroxene is the dominant one and the optic angle ranges from very low to inter- 
mediate values. Twinning presumably parallel to {100} is not infrequent. Plagio- 
clase phenocrysts (bytownite) are usually euhedral, but some of the crystals show 
resorption with the production of scalloped borders. These crystals are zoned and 
commonly contain slaglike inclusions. 

A mineral believed to be canbyite, a hydrated ferric silicate, occurs as banded 
crusts lining some of the vesicles and also as tiny veinlets in the rock. It varies 


ex of 
large 
4 
6* 

2 

8 

0 E 
ible 

.edral 

; only 

1 toa 

ltered 

24A) 

Lugite 

some 

patite 

s and 7 
teoric 
small 

dacite 
cies of 
dacite 


FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 


TABLE 4.—Chemical analyses and norms of the dacite rocks 


Rex-Pine f i 


AUK ADE 


wollastonite.. . . 
enstatite 
ferrosilite 


©: 


* Determined by R. E. Stevens. 
t These values obtained by spectroscopic methods. In addition, there are traces (<0.001%) of CoO, and BeO. Als 


LixO, and RbsO = 0.0X, Cs:0 not found. PbO = 0.00X. K. J. Murata. 


from pale yellow to a deep red-brown. The birefringence ranges from zero to about 
that of montmorillonite. Hematite is distributed through some of the areas of 
“canbyite”. The vugs also contain cristobalite aggregates, on some of which are 
perched tetragonal trisoctahedrons of analcime. 

The basaltic andesite shows some evidences of alteration by meteoric waters with 
the development of montmorillonite and the introduction of small quantities d 
calcite. Calcite is present in some of the vesicles. 

Micrometric analyses were made on specimens from the Snowball, Ala-Mar, and 
Rex-Pine Lode deposits. The data are presented in Table 5, which shows that 
pyroxene always exceeds plagioclase; in only one sample do they approach equality. 
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AlO;........| 14.91 | 14.81 orthoclase.....| 22.26 22.80 21.87 = 
2.67 | 2.28 23.06 30.46 
1.71 1.39 anorthite. ..... 17.25 16.12 15.94 
CaO.........| 3.47] 3.90 1.16 
NaO........| 2.69] 2.70 | 2.71 2.80 5.22 
K.0.........| 3.79| 3.90 | 1.19 1.98 
H.O-........| 0.38 | 0.42 magnetite.....| 2.32 2.55 3.71 on 
| re 2.93 1.35 ilmenite....... 1.06 1.22 1.06 Alte 
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It shows further that the plagioclase is very calcic (Anzo-Ang). The phenocrysts 
average 34 per cent by weight of the rock. 

}- A chemical analysis made of sample S(ax), which corresponds best with the average 
mineralogical composition of the six samples, is given in Table 6, together with the 


TABLE 5.—Micrometric analyses of the basaltic andesite expressed in weight per cent 


Snowball deposit Ala-Mar Rex-Pine Lode 


Ao Average of 
S(ax) 
lava) 


20.4 
15.0 
64.6 


100.0 


Composition of the 
plagioclase pheno- 
Abi7Ang; AbssAnn 
Bytownite Bytownite 
(Variable 


calculated composition of the average plateau basalt as given by Daly (1933, p. 17), 
and the recomputed mean of 20 analyses of hypersthene and augite andesite con- 
tained in the work of Rosenbusch and Osann (1923, p. 408-410). The norm contains 
23.41 per cent of pyroxene, and 21.2 per cent is present as phenocrysts, thus showing 
that essentially all of the potential pyroxene had crystallized as phenocrysts before 
groundmass crystallization began; but it is also probable that some of the normative 
magnetite may represent potential pyroxene. On the other hand, only about one- 
third of the possible plagioclase has formed; the remainder is occult in the 
groundmass. 

A comparison of the basaltic andesite with the two “calculated averages” for 
plateau basalt and hypersthene andesite shows the following relation: The alumina 
is low; the total iron oxides, magnesia, and calcium oxide are intermediate; the soda 
is low, and the potash is high. The silica is intermediate, but close to the value of 
the hypersthene andesite. The excess silica is also reflected in the unusually low 
value for alumina. The very low figure for soda explains the formation of very calcic 
plagioclase. Iddings (1913, p. 139) lists quartz diorites and quartz gabbros (or their 
aphanitic equivalents) with which this analysis of basaltic andesite may be compared. 
The combination of the petrographic ana chemical studies makes the naming of this 
rock difficult. In order to arrive at a suitable name, the usage of petrologists working 
on the rocks of the western petrographic province was reviewed. 

Andesites of a basaltic habit with unusually large amounts of silica, in fact, too 
much to classify them as basalts, are apparently common in the far western portions 


0.46 
5.94 
S(a) 
5.22 26.2 21.2 27.5 | 10.0 20.5 

11.1 10.9 12.2 | 9.3 16.6 12.5 
3.7 Groundmass.........| 62.7 66.3 58.6 | 80.7 62.9 65.9 
“a Alteration products...) .... 1.6 0.6 
100.0 | 100.0 | 100.0 [100.0 | 100.0 100.0 
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of the United States. Diller and Patton (1902, p. 160) describe several hypersthene 
andesites from Crater Lake, Oregon, which they call hypersthene-andesite basalt. 
Howel Williams (1942, p. 130), commenting on the basaltic-appearing hypersthene- 
andesite rocks of Crater Lake, discusses the nomenclature of these rocks and con- 
cludes that chemical analyses must be made to name them; he suggests that they be 
called basaltic andesites. Likewise, Williams (1932, p. 240-241), in his description 
of the volcanic rocks of the Lassen region, in particular the vesicular flows of Table 
Mountain, states: “Certainly the field appearance is that which one customarily 
considers more or less characteristic of basalts. In case of doubt, it might perhaps 
be wise to refer to these lavas as pyroxene or hypersthene andesitic-basalts.” Cal- 
laghan and Buddington (1938, p. 12-14) likewise used the name basaltic andesite to 
designate certain rocks which were difficult to classify precisely. In this study we 
adopt the name basaltic andesite for these rocks in conformity with the present 
usage. 


CURRANT TUFF 


General description.—The Currant tuff is named for the Currant Creek area, 
Nevada, where it is well exposed. 

The stratigraphic descriptions show the wide variety of petrographic types repre- 
sented by the tuffs of this formation. The principal types are described in detail. 
The system of nomenclature for these pyroclastic rocks has been presented by Pirrson 
(1915) and by Wentworth and Williams (1930-1932), and their terms are used here. 

The volcanic ejecta contained in these tuffs were all derived from a common source, 
as shown by their identity in mineralogical composition and by the unusual charac- 
teristics of some of the minerals. The tuffs differ chiefly in the relative proportions 
of their various minerals and in the quantity of glass fragments: The principal 
causes for these differences are the effects of gravity, air currents, and the viscosity 
relations of the ash clouds which prevailed during the ash fall. The mineral relations 
were further modified by the reworking of some of the tuff materials by lake waters. 
Calcite was added by the lake waters. The minerals of the tuffs include hypersthene, 
augite, hornblende, biotite, plagioclase of various compositions, sanidine, quartz, 
apatite, magnetite, calcite, all intimately mixed with glass shards and irregular glass 
fragments. Adventitious detrital minerals, such as basaltic hornblende and rutile, 
were observed only rarely in the reworked tuffs. Hypersthene is the characteristic 
pyroxene, and in some of the sediments it occurs with augite, either in zones in a 
single crystal or in discrete grains. Unless the augite is present in significant quanti- 
ties, it is not reported in the following descriptions. Some tuff layers consist largely 
of glass, others largely of crystals, and still others of mixtures of glass and crystals. 

A relationship between the tuffs and the enclosing flows is indicated by the identity 
in mineralogy and the occasional presence of fresh lithic fragments which were cast 
out with the tuff fragments during the volcanic eruptions. 

By the action of relatively cool meteoric waters, some of the tuff beds have been 
altered to montmorillonite, and there has been some replacement by calcite. The 
tuff beds that were hydrothermally replaced are described collectively. 
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Methods of study.—The methods of examining the tuffs vary with their character, 
In most of the tuffs a thin-section study, with a determination of the plagioclase by 
immersion methods, suffices to name the rock. Occasionally it was found desirable 
to carry out heavy-liquid separations. The fine-grained tuffs, especially those con- 
taining carbonates, present much difficulty. These carbonates have extreme bire- 
fringence and thus hide the other materials. This is particularly true in a thin 
section examined under crossed nicols. Micrometric analyses of such thin sections 
are entirely misleading. Such tuffs are best studied by a combination of methods 
including optical, chemical, thermal, and x-ray. The methods of thermal analysis 
(Le Chatelier, 1887, p. 204-211; Norton, 1939, p. 54-63; Hendricks and Alexander, 
1939, p. 257-268) have been particularly useful in that they are more sensitive in the 
identification of the clay minerals and the magnesium silicates than are the x-ray 
methods. This is particularly true for the magnesium silicates which exhibit order- 
disorder relations within the crystal structure and cause reflections from the {hkl} 
planes to become so diffuse and weak that they are of little or no value as x-ray 
criteria. Hendricks (1940, p. 448-454) has discussed these phenomena as they 
apply to the micas, vermiculites, chlorites, cronstedtite, pyrophyllite, and talc. The 
method used by Faust (1944, p. 142-151) in differentiating magnesite from dolomite 
by the selective calcination ot the magnesite proved useful. For the determination 
of the clay minerals some use was made of staining methods in which benzidine and 
aniline dyes were employed. 

The chemical analyses were of two kinds, quantitative analysis and separation of 
soluble carbonates from insoluble silicates by acid treatment. The latter method is 
particularly useful in determining the mineralogical composition of the replaced 
tuffs. All percentages are weight percentages unless stated to the contrary. 

Crystal tuff—Specimen A-689 from the Ala-Mar deposits is a good example of a 
crystal tuff that is poorly consolidated, friable, porous, and greenish gray. Such 
tuffs are not very common in the Currant tuff. Under a hand lens, some of the 
grains show a coating of a yellowish-green powder that is montmorillonite. A study 
of thin sections shows that the rock is made up of plagioclase occurring as crystals or 
as broken fragments, prismatic crystals of hypersthene, and much smaller amounts 
of volcanic glass, hornblende, magnetite, lithic fragments, and an infrequent grain 
of quartz. The plagioclase contains slaglike inclusions, is polysynthetically twinned, 
and is also commonly zoned. The hypersthene is distinctly pleochroic. Volcanic 
glass occurs as irregular fragments and as pumicious grains. A size analysis of 
material that was well shaken in water to remove the coatings of montmorillonite is 
given in Table 7, together with a petrographic analysis. This tuff is thus made up 
of 86 per cent of crystals and is accordingly a crystal tuff. 

Crystal-vitric tuff—Crystal-vitric tuff makes up only a small part of the tuff series 
at Currant Creek and is well illustrated in Specimen A-225. Crystals are the dom- 
inant constituent, but the glassy phase is much more abundant than in crystal tuffs. 
In the hand specimen the rocks show a slight variation in grain size; some of the 
grains are quite coarse. A thin section shows that the tuff is composed of large 
broken phenocrysts of quartz, sanidine, and plagioclase, all embedded in a heter 
ogeneous matrix. This matrix is made up of small fragments of the aforementioned 
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TABLE 7.—Petrographic data on crystal tuff A-689, in percentage by weight 
Ala-Mar Prospect, Nye County, Nevada. 


Mechanical analysis Mineral composition 


Hypersthene (Minor quantities of hornblende 


TABLE 8.—Chemical analyses of some tuffs from the Currant Creek magnesite district of N nods. 


A-225. Crystal- | 4-665¢. Vitric- NM-f-2. Mont- | C-261. Reworked 
vitric tuff, Ala- crystal tuff, Ala- tuff, Rex morillonite-bearing vitric tuff, | 

ine lode, e e Pine Co., 

Nye Co., Nevada N -» Nevada Pine Co., Nevada Nevada 


58 

15 
2 
2 
2 
5. 
2. 
2 
5 


00 


100.93 


2.20 


J. E. Husted | J. E. Husted i M. D. Foster 


minerals, plus a large amount of volcanic glass occurring as unusually fine shards 
and pumicelike fragments. Shreds of biotite, some magnetite, and a little hyper- 
sthene complete the assemblage. The mineralogy of this tuff suggests that it was 
derived from a magma similar to that of the quartz latite. The minerals of the 
rock are very fresh. The volcanic glass shows only incipient alteration to montmo- 
tillonite. A chemical analysis of this tuff is given in Table 8. The rock is very 
siliceous, and this is due in part to the concentration of quartz grains which occur 
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as phenocrysts. The iron and magnesium are low as would be expected from the 
paucity of dark minerals. The low percentage of CaO is consistent with the small 
amount of plagioclase. The alkalies are quite abundant and are largely in the glassy 
phase. 

Vitric-crystal tuff.—vVitric-crystal tuff is illustrated by a firm yellowish-gray tuff, 
speckled with black hypersthene crystals, from the Ala~Mar magnesite deposits, 
It is made up of pleochroic crystals of hypersthene up to 1 millimeter in length, and 
zoned plagioclase crystals embedded in volcanic ash. There is a small quantity of 
magnetite. This tuff was originally quite porous, and the firmness of the tuff is due 
to the percolating supergene waters which traversed the rock, deposited calcite, 
and converted some of the glass to montmorillonite. The calcite is present as rela- 
tively coarsely crystallized material in the interstices, in t! e vesicles of the pumice, J 
and is in part replacing the glass. Montmorillonite has 1» med by replacement of 
the glassy pumice and also is present as rounded masses around the grains. With 
crossed nicols these rounded masses appear as rounded bodies with the so-called 
“spherulitic cross”. The structure and appearance of these forms is almesi identical 
with the synthetic montmorillonite prepared by Ewell and Insley (1935, p. 1/35-185), 
The glassy and pumiceous material is very abundant and exceeds the crystalline 
material in the unaltered tuff. The chemical analysis, A-665c in Table 8, shows that § 
calcite, which is of secondary origin, makes up 30 per cent of the rock. The 
abundance of hypersthene accounts for the iron oxides and the magnesia. 

Vitric tuffs—The vitric tuffs are the most abundant type of tuff in the westem 
part of the area, particularly in the vicinity of the Ala~Mar deposit. Some of these 
tuffs contain almost no crystals. A fresh vitric tuff from the Rex-Pine lode yielded 
a more perfect thin section than most friable rocks and so was useful for quantitative 
study of the mineral relations. This rock, N.M.f.-1, consists of bands of tuffaceous 
materials whose ratio of crystals to glass varies within the bands. Separation by 
heavy liquids shows that it is made up of 79.3 per cent by weight of volcanic glass, 
16.9 per cent of labradorite feldspar (about AbssAnjs), and 3.8 per cent of hypersthene, 

In thin section (PI. 2, fig. 2) fragments of broken labradorite crysta!s, hypersthene, 
and minor amounts of other minerals, together with lithic fragments, are shown 
enmeshed in a base of volcanic-giass particles. The glass ranges in color from almost 
colorless to deep brown. Bubbles occur in the glass, and the brownish glass may be 
somewhat opaque, owing to the inclusions of tiny microlites. A little hematite was 
noted, and also incipient montmorillonite developed as selvages around the glass 
fragments. Some opaque material, in part rock fragments, is present. The index 
of refraction of the volcanic glass is variable; some of the colorless grains range from 
1.500 to 1.505, whereas the colored fragments range up to 1.525, with 1.530 for the 
more deeply colored ones. 

A part of this same tuff bed has been altered by percolating ground waters. Fortu- 
nately, specimens of both the altered and unaltered tuff were available for study. 
The altered member, N.M.f.-2, is composed of 75 per cent by weight of montmo- 
rillonite-bearing volcanic glass, 23 per cent plagioclase feldspar, and 2 per cent 
hypersthene (PI. 2, fig. 3). These percentages correspond very well with those of 
N.Mf.-1. The glass, where unaltered, is usually brownish, but some colorless shards 
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are present. The montmorillonite is in part disseminated through the groundmass 
but occurs also in bands parallel to the bedding. Similar bands line the walls of some 
ot the cavities. Some labradorite crystals altered to montmorillonite still show 
evidence of the former twinning lamellae. The labradorite, which occurs as angular 
fragments, is about AbsAng, but there is some slight variation in composition. 
The hypersthene is in part weathered to a montmorillonite mineral and exhibits 
the cockscomb habit. Some apatite and magnetite are also present. The clay 
minerals of the groundmass stain very deeply with aniline dyes. 

The chemical analyses of the altered and unaltered tuffs given in Table 8 show 
that the conversion of the glass to montmorillonite has caused the loss of some 
silica, some soda and lime, and about 80 per cent of the potash while effecting an 
increase in the atumina, ferric iron, and magnesia. These changes are characteristic 
in the formation of montmorillonite (Ross, et al., 1929, p. 186; Nutting, 1943, p. 182- 
183). This type ot alteration in the rocks of the Currant Creek magnesite area was 
accomplished by cool bicarbonated waters. For the purpose of studying the charac- 
ter of the waters causing this alteration, two water samples, issuing from springs in 
the upper volcanics were collected in June 1944, at the Ala-~Mar and Rex-Pine lode 
localities. ‘These samples were analyzed in the chemical laboratories of the U. S. 
Geological Survey, and the results are given in Table 9, together with an analysis of 
water of a deep-seated spring issuing in the Ely district about 30 miles distant from the 
Currant Creek area. These analyses show that the waters are bicarbonated and 
that they carry a substantial quantity of calcium, silica and soda, and smaller quanti- 
ties of potash and magnesium. The amounts of iron and alumina are small. Al- 
though the original composition of the waters before they traversed these rocks is 
not known, it does seem probable that they were bicarbonated waters containing 
lime and soda. If so, then the losses in chemical constituents of the volcanic glass 
and the corresponding gains of the water are consistent. These waters are definitely 
alkaline; and their measured temperature was about 10°C (50°F). Such cool, al- 
kaline waters are thoroughly capable of reacting with volcanic glass and replacing it 
with montmorillonite. 

In planning the analyses of tuff N.M.f.-2,a qualitative spectrographic examination 
was made by K. J. Murata. He reports as follows: The minor constituents are 
Na, Mn, Ba, Sr, Li; there is a trace of B; none of the following elements are present: 
V, Sn, Zn, As, Pb, Ge, Sb, Bi, Cd, Be, Cu, Co, Ni, and Zr. 

Reworked tuffs—Reworked tuffs are abundant in the eastern part of the area, 
particularly at the Chester, Windous, and Rigsby prospects. The presence of fossils 
—diatoms, ostracods, and gastropods—show that the volcanic material was reworked 
by lake waters. Large quantities of calcium carbonate were introduced into the 
lakes from external sources, for the large quantities of lime indicated by the analyses, 
could not have been leached from the volcanic rocks. The glass in these reworked 
tuffs, although commonly finely comminuted, is still relatively fresh, indicative that 
these sediments were lithified shortly after reworking by the lake waters. 

A typical reworked tuff, C-261, consists of 72 per cent by weight of grains insoluble 
in dilute hydrochloric acid, and 28 per cent of calcium carbonate as calcite. The in- 
soluble residue is dominantly volcanic glass having an index of refraction of 1.499. 
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This glass is present as pumiceous fragments and volcanic dust. The glass particles 
do not show the characteristic sharp boundaries of the typical unworked material, 
From the charts of George (1924) the index of refraction given above corresponds to 


TABLE 9.—Chemical analyses of mineralized spring waters from Nevada 
In parts per million. 


10.0°C 10.6°C 


{1) Spring emerging from the upper volcanics at the Ala~-Mar magnesite deposit, sec. 34, T. 12 N., R. 59 E., Nye County, 
Nevada. 


(2) Spring exnerging from the fault zone in the upper volcanics at the Rex-Pine Lode, sec. 34, T. 12 N., R. 60 E., White 
Pine County, Nevada. 

{3) Deep-seated spring, Ely, Nevada (May 1929). 

72.7 per cent SiO, in the glass, and a recalculation of the analysis of C-261 as given in 
Table 8 shows 73.6 per cent SiOz, which is an excellent agreement. The accessory 
minerals are present in small quantities and consist of plates of biotite, plagioclase, 
and quartz. The mineralogical assemblage suggests that this is a reworked quarts 
latite tuff. The reworking of the tuff materials is also indicated by the banded ap- 
pearance and the presence of shells and diatoms. K. E. Lohman determined the 
diatoms to include the species Melosira granulata (Ehrenberg) Ralfs and the species 
Frustulia rhomboides (Ehrenberg) De Toni, a nonmarine flora which is certainly no 
older than the Miocene. These diatoms when viewed in thin section look like tiny 
tin cans and occur either singly or in links. Ostracods are also present. The calcite 
is largely anhedral. Some calcite has also entered the vesicles in the pumiceous 
grains and in part replaces the diatoms. The chemical analysis of this typical re 
worked tuff is given in Table 8 and a photomicrograph in Plate 2. - 
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Tuffaceous limestone.—Sedimentary tuffaceous rocks, containing 50 per cent or 
more by weight of calcite, are commonly called calcareous tuffs, and, if the rock 
occurs as an extensive bed in a given area, it is then called a tuffaceous limestone. 

Tuffaceous limestones are quite abundant at the Windous area. Specimen W-36, 
from Windous Butte, is composed of round, coated grains of rock fragments, tuff 


TABLE 10.—Mechanical analysis of free volcanic glass from tuffaceous limestone C-238 


* Tyler screen sizes. 


fragments, quartz, sanidine, plagioclase, hypersthene, and hornblende, embedded in 
a matrix of anhedral calcite. Flakes of biotite are also present. A significant quanti- 
ty of montmorillonite has replaced some of the tuff fragments. This rock, when 
powdered and tested with a solution containing benzidine, yields a good blue color, 


thus giving the test for montmorillonite. The coating on the grains of the minerals 
and rocks produces the rounded appearance. The coatings are usually structureless, 
but some of them show at least rudimentary banding. The coating material on 
grains isolated for detailed study appears to be isotropic, and the index of refraction 
islow. The coated grains when treated with a solution of a benzidine salt give the 
blue coloration indicative of montmorillonite. Some of the coated grains when 
treated with dilute HCl, then washed free of the acid, and later immersed in a so- 
lution of malachite-green in nitrobenzene are stained yellow as would be expected 
of montmorillonite (Faust, 1940). The rounded appearance is due to either re- 
working or more likely to the agitation of the lake waters. The composition of this 
rock as determined by treatment with cold dilute acid is 57.5 per cent by weight of 
calcite and 42.5 per cent by weight of tuff materials. Tuffaceous fragments are the 
most abundant detrital material. 

A more common type of tuffaceous limestone is C-238 from the Chester deposit. 
This rock is made up of 55 per cent calcite and 45 per cent volcanic glass with very 
minor amounts of crystalline material. The volcanic glass is chiefly light brown, 
although a few dark-brown grains were noted. The glass fragments commonly 
exhibit vesicular tubes that have been filled by calcite. The index of refraction of 
most grains is about 1.497. A size analysis of the volcanic glass is given (Table 10); 
most of the fragments are coarser than 65 mesh (0.208 mm. opening). In some of 
the other tuffaceous limestone, there is more of the minus 65-mesh material than in 
the above example. 

Fault breccia.—During the faulting of the lower volcanics, part of the basaltic 
andesite was brecciated. This material was later cemented by calcite and is now 
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exposed at the Snowball deposit. The specimen studied, SC-l, is composed of fresh 
fragments of the rock which have been invaded by and embedded in calcite. Some 
of the calcite is coarse-grained (Pl. 2, fig.5). A part of the sample used for the thin 
section was treated with acid and was found to contain 47 per cent calcite and 53 
per cent rock fragments, but there are wide variations from these figures. This 
percentage of interstitial calcite corresponds closely to the normal pore space of 
broken rock. 

Hydrothermally replaced tuffs—The hydrothermally altered tuffs are discussed 
separately from the original tuffs because their genetic history is entirely distinct. 
They have an entirely different mineralogy and they show unusual textures. The 
complex hydrothermal solutions that replaced the tuffs contained large concentrations 
of Mg** ions and bicarbonic acid ions, and these solutions were so corrosive that 
in some of the tuff beds the volcanic glass and the former minerals were completely 
destroyed. 

The tuff beds that were replaced contained calcite in varying amounts, and the 
distribution of the calcite influenced the ease of replacement and the composition of 
the replaced materials. Where calcite was very abundant, the replaced rock is 
largely dolomite, and where calcite was scarce, the replaced rock is largely magnesite, 
The tuffs described are arranged in order of decreasing calcium content, and their 
chemical analyses are presented in Table 11. A comparison of this table with that 
of the unreplaced tuffs (Table 8) shows the marked chemical changes involved in 
the hydrothermal replacement process. There has been a great loss of silica, for in 
some of the purest magnesite rock it is entirely absent. The elements, iron, alu- 


minum, and phosphorous have been almost completely removed, the amount of 
alkalies has been greatly reduced, and magnesium and carbon dioxide have been 
greatly increased. 


MINERALOGY: Quarts appears in the thin sections as discrete grains closely interlocked in a car- 
bonate groundmass, as a lining of vugs, as veinlets, and rarely as tiny prismatic crystals (Fig. 2). 

Opal occurs in the silica-carbonate rocks, where it is comnionly associated with chalcedony (Fig. 
2). In thin section it commonly exhibits a checked or cracked appearance. 

Black dendritic growths of manganese oxides, probably pyrolusite, are present in a tuff containing 
montmorillonite. 

Chalcedony occurs as radial or in part spherulitic aggregates. Many of the tiny veinlets in the 
silica-carbonate rock are composed of chalcedony. These veinlets are banded and commonly forma 
scalloped or cusplike pattern (Fig. 2). 

Calcite is the only carbonate mineral in those tuffs that were not attacked by hydrothermal solu- 
tions. In these unaltered rocks, it commonly appears as fine-grained, patchy intergrowths unsuited 
for optical measurements. Less commonly, it forms large anhedral grains and only rarely does it 
appear in the tuffs as euhedral crystals. In certain porous, coarse-grained tuffs, it infiltrated into the 
cavities where it grew as large single crystalline units which do not exhibit faces. In many of the 
vitric tuffs, where calcite was introduced by meteoric waters, it appears as a sprinkling of tiny crystals 
or single crystalline units. 

In the hydrothermally replaced rocks, calcite appears as a very late second-generation mineral and 
probably was always supergene in origin. It formed as tiny veinlets in shrinkage cracks or micro- 
faults. In many of the vugs calcite forms botryoidal crusts or bands of tiny crystals. 

Dolomite is present in some of the replaced tuffs both as crystals and aggregates. Some of the 
tuffs have been almost wholly replaced by dolomite, and in these tuffs this carbonate is present chiefly 
as aggregates of tiny particles that are complexly intergrown in many samples. Under crossed 
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nicols, these aggregates cause patchy interference colors and incomplete extinction phenomena. 
Where the grains have been oriented, spherulite structures occur. Rare euhedral crystals of dolo- 
mite that grew in a gelatinous solution now represented by deweylite are commonly rhombohedral. 
although some sheaflike structures were observed associated with these crystals (Pl. 2, fig. 6). 


ALK 


Ficure 2.—Sketches illustrating the forms of silica 
Upper left: C-238-b, Chester deposit, opal exhibiting shatter cracks, calcite in various orientations stands out in bold 


relief. Mag. 60 X. Plane polarized light. 

Upper right: W-29, Windous deposit, quartz as prismatic crystals, as interlocked anhedral grains. Mag. 113 X. 
Plane polarized light. 

Lower center: W-135-z, Windous deposit, banded veinlets of chalcedony exhibiting escalloped pattern. The clear 
veinlet in the center of the chalcedony is quartz. Mag. 135 X. Crossed nicols. 


At least two members of the dolomite-magnesite solid solution series were found in this study. Al 
though the members of the solid solution series may be observed in many specimens, they are not 
necessarily present in sufficient purity and quantity for analysis. These minerals most commonly 
occur as cavity fillings or in any opening or porous structure in the replaced rock. The material is 
very fine-grained and was first identified as dolomite on the basis of a flame test. Later, 
when checked by the thermal-dissociation method (Faust, 1944), the material broke down at such 
low temperatures as to suggest that the material is magnesite. Because of the contradictory proper- 
ties, the material was analyzed and studied further. The complete description of this mineral will 
be published elsewhere. A summary of its most important characters is as follows. The mineral 
is made up of 75 mole per cent of MgCO; and 25 mole per cent of CaCOs. It breaks down on heating 
at a temperature significantly below that of dolomite to give MgO + calcite, and the latter dissociates 
at a still higher temperature. The x-ray pattern is similar to that of dolomite. These data indicate 
that this phase is a solid solution between dolomite and magnesite and is believed to be a metastable 
phase. 

Magnesite appears as dense white porcelaneous masses. Microscopic examination shows that in 
general it consists of exceedingly fine closely packed particles, but rounded and spherulitic structures 
are very common. The structure suggests that the magnesite formed much more rapidly than the 
other minerals. (See description of altered tuff W-199.) 


I 
abu 
ver 
\ Sy cen’ 

oft 
sock 
Int 
ten¢ 
subt 
7 of gi 
has | 
11. 
to re 
| At 
reple 
lime: 

The 
plagi 
have 
the 
of th 
dolor 
in se\ 
undu 
lengt 
termi 
pende 

most 


PETROLOGY AND MINERALOGY 43 


Deweylite, hydrous magnesium silicate of the serpentine group is found at all the deposits, but most 
abundantly at the Windous locality. A Geological Survey Press Memorandum (1943) discussing the 
economic possibilities of this mineral was issued in 1943. The mineral occurs as white and cream- 
colored powdery, crumbly, porous masses. Microscopic examination reveals a felted aggregate of 
very fine fibers. In only a few specimens was a reticulate structure observed, and in only one speci- 
men could the structure of the glass shards of the original tuff-be positively identified. The bire- 
fringence of the deweylite is low. Only the determination of mean indices of refraction made on the 
fine-grained aggregate was possible, the mean indices range from 1.530 to 1.540. The higher value 
characterizes most of the specimens. A porous specimen soaked in the immersion media until the 
expelled air was removed had a mean index of refraction of 1.550-1.555. The complete chemical, 
thermal, and x-ray studies on this mineral will be published elsewhere. For convenience, the name 
deweylite as used in this paper will include material ranging from deweylite to hydrous serpentines. 

Deweylite occurs intimately associated with dolomite, magnesite, and calcite in the replacement 
deposits and is also found at the Rex-Pine lode as a vein filling. 


REPLACED TurrFs: Replaced tuff A-188 consists of 51 per cent deweylite, 40 per 
cent dolomite, a small amount of dolomite-magnesite solid solution, and 9 per cent 
quartz. Microscopical, x-ray, and thermal analyses confirm the identity of the 
minerals. This tuff is completely replaced but still shows the shard structure when 
examined with the oil-immersion lens. The former glass shards are now made up 
of the mineral deweylite. The chemical formula of this mineral computed from the 
rock analysis, after the subtraction of dolomite and quartz, is 4MgO- 3SiO,-6H,0O. 
In thin section, the dolomite appears as highly birefringent aggregates, which may 
tend to extinguish as a unit or which may consist of several more or less independent 
subunits. These aggregates send out bladelike branches or anastomosing systems 
of grains which are embedded in the low birefringent areas of deweylite (Pl. 3, fig. 1). 
The microscopic study and the physical and chemical] data indicate that this rock 
has been formed by hydrothermal processes. A chemical analysis is given in Table 
11. This replaced tuff represents the type that originally contained sufficient calcite 
to react with the hydrothermal solutions to form dolomite. 

At the Chester deposit specimens were obtained which show the relations of the 
replaced to the unreplaced tuff. The original rock, C-85(s) is a very soft tuffaceous 
limestone. It consists of 63 per cent calcite and 37 per cent insoluble materials. 
The insoluble residue is chiefly volcanic glass but contains very small quantities of 
plagioclase, biotite, and diatoms. The material is very fine-grained, and the diatoms 
have in part been broken into small fragments indicating reworking. Jn thin section 
the large amounts of calcite completely obscure most of the insoluble minerals. Some 
of the unbroken diatoms are filled with calcite. The hard counterpart of this tuff, 
C-85(h), is a firm replaced tuff, which consists of 69 per cent carbonates, chiefly 
dolomite but with some magnesite, and 31 per cent deweylite. The dolomite occurs 
in several habits. Most commonly it appears in sheaflike aggregates, which exhibit 
undulatory extinction. An optical vibration direction appears to coincide with the 
length of the crystals. A second type consists of independent crystals, doubly 
terminated, elongate parallel to the c axis. This type appears to have grown sus- 
pended in a gelatinous medium now represented by the mineral deweylite. For the 
most part, the dolomite consists of jagged particles, interlocked to form aggregates 


ena. 

lolo- 

dral. 

bold 

13 X. 

clear < 
Al 

e not 

1only 

‘ial is 

ater, 

such 

oper- 3 

1 will 

neral 

ating 

siates 

licate 

table 

at in 

tures 

n the 


44 FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 


(Pl. 3). The magnesite forms rounded to subrounded masses of very fine particle 
size, some of which are spherulitic. The deweylite fills the interstitial space and is, 
in part, incorporated within some of the carbonate. 

In the stratigraphic section at the Ala-~Mar deposit, a replaced tuff, A-1007, consti- 
tutes a major portion of the geologic column. It consists of an intergrowth of carbon- 
ate grains which exhibit patchy and spherulitic extinction. This carbonate is chiefly 
dolomite, but magnesite is locally abundant, and the dolomite-magnesite solid-so- 
lution mineral is also present. Deweylite is most commonly interstitial. The thin 
section is traversed by a veinlet of later carbonates. Near the bottom of this member 
(A-1007), the dolomite-magnesite solid solution occurs as a powdery white material, 
A-1007(a). This mineral is fine-grained, has a high birefringence, and commonly 
contains minor quantities of deweylite. Another interesting specimen of similar 
origin is replaced tuff N.M. 186, composed of a buff-colored base of magnesite and 
deweylite, in which are embedded white areas of magnesite. The rock contains 
almond-shaped or, more rarely, variously shaped cavities, some of which are as long 
as 5 cm., but most of which are 1 cm. long. The cavities are lined with white and 
gray calcite, of fibrous or spherulitic habit, and the surface is commonly stained pale 
brown by iron oxides. Filling these cavities is the dolomite-magnesite solid-solution 
mineral which, because it is white, stands out in bold contrast to the matrix. Similar 
material is also present at the Snowball deposit; Specimen S-25 is composed of 40 
per cent deweylite and 60 per cent carbonates. The thin section shows interlocking 
carbonate grains, in part clouded by inclusions of deweylite. The carbonates are 
commonly serrated and exhibit wavy extinction. The buff-colored base is composed 
of magnesite and deweylite, together with a few large crystals of dolomite. The 
cavities contain the white, fine-grained carbonate solid solution. The cavities are 
lined with botryoidal crusts of yellc w-stained calcite. 

Altered tuff, W-199, represents a still less calcic type. Chemical analysis and 
petrographic studies indicate that the rock is composed of magnesite 63.9 per cent, 
dolomite 22.4 per cent, and deweylite 13.7 per cent. This material differs chemically 
from the previously described altered tuffs in that magnesite is the major constituent. 
In thin section, the dolomite (determined by the immersion method) appears as 
euhedral crystals embedded in the magnesium silicate. The magnesite forms the 
typical ball-like aggregates composed of very tiny crystals. This structure suggests 
that the magnesite was formed rather rapidly from concentrated solutions. Magne- 
site was the first phase to crystallize and was followed by euhedral dolomite. The 
hydrous magnesium silicate formed last and surrounds the other minerals. The 
impurities that remained accumulated in irregular areas and are represented by the 
dark cloudy masses in the silicate base. Hand specimens of this replaced tuff are 
snow-white, porous, and full of cavities whose walls are uneven and exhibit a bot- 
ryoidal structure. The magnesite has a silky luster. A similar, but still less calcic 
specimen, N-171, contains 85.5 per cent magnesite, 8.9 per cent deweylite, and 5.6 
per cent dolomite. 

The replaced tuff, A-972, represents a still purer magnesite, which on the weathered 
surface appears to have a fibrous structure and in thin section exhibits the typical 
ball-like structure. Second-generation dolomite, identified by immersion methods, 
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forms coarser anhedral to subhedral grains and appears in the interstices. The 
magnesite formed first and was probably followed by dolomite near the close of the 
replacement process. The composition as computed from the chemical analysis 
is: magnesite 91.6 per cent, dolomite 7.6 per cent, and deweylite 0.8 per cent. The 
silicate is difficult to detect microscopically owing to its scarcity and intimacy of 
association. The replaced tuff, S-18, is very similar to specimen A-972 and differs 
only in its lack of calcium. The analysis shows 98.3 per cent magnesite and 1.7 per 
cent hydrous magnesium silicate. A thin section, cut to include the magnesite and 
some interstitial material, consisted of ball-like masses of magnesite of various sizes. 
The interstices may be filled with fine-grained magnesite, or a little deweylite, or, 
less commonly, with more crystalline magnesite. A still less siliceous sample, R-98, 
which contains only 0.11 per cent silica and exhibits similar textures to those in S-18, 
is characterized by very small amounts of sodium and lithium. It consists of magne- 
site 99.8 per cent and deweylite 0.2 per cent. The porcelanous type of magnesite, 
which replaces some of the tuffs, is very pure. An example of this type is tuff, W-180, 
a chemical analysis of which shows 99.5 per cent magnesite with 0.5 per cent adsorbed 
water. Under the microscope it appears as a dense aggregate displaying high-order 
birefringence, and its individual particles are very small. 

An unusual powdery form of magnesite was found in rather large vugs at the North 
Windous Tunnel. It is chiefly magnesite but contains a few sporadically distributed 
coarse crystals of dolomite. 

SILICATE-CARBONATE Rock: Silicate-carbonate rock is present at all the deposits 
examined but is most abundant at the Windous deposit where it occurs in possible 
commercial quantities; it is estimated (U. S. Geol. Survey, Press Mem., 1943) that 
approximately 120,000 tons of the rock is available. This rock consists of deweylite 
associated with carbonates. The deweylite appears as a felted aggregate of fine 
fibers with a very low birefringence. Embedded in the deweylite are euhedrons or 
subhedral to rounded masses of dolomite, more rarely magnesite and calcite. Chemi- 
cal analyses of two run-of-mine samples, together with the calculated mineralogical 
composition, are given in Table 12. 

A very common texture exhibited by the silicate-carbonate rock is shown in Fig. 
6 of Plate 2, which is a photograph of a thin section (W-180-a). The dolomite in 
this rock is present as euhedral to subhedral crystals embedded in deweylite. A 
much rarer texture is illustrated in Figure 2 of Plate 3, which is a photograph of 
specimen W-52-c; it consists of reticulated deweylite with subhedral carbonate and a 
trace of opaque minerals. Veins of deweylite with some late calcite were observed 
at the Rex-Pine lode. 

Smica-CARBONATE Rock: The term silica-carbonate rock was first proposed by 
Lawson (1895, p. 435). Knopf (1906) defined this term more precisely as follows: 


“The unweathered facies of this rock consists of an aggregate of chalcedony and rhombohedral 


' carbonates whose relative proportions may vary within rather wide limits. Highly siliceous phases 


are common, while the other extreme is represented by phases indistinguishable from crystalline 
—e In the typical rock, however, the carbonates are dominant, and the chalcedony subor- 
te. 


See also the paper by Eckel, Yates and Granger (1941, p. 530-532). 
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Such a rock is represented in the Currant Creek magnesite district and is abundant 
at the Rigsby deposit. It is particularly well developed at the Windous deposit 
where it overlies the magnesite-bearing beds and it is also present in a similar position 


TABLE 12.—Chemical analyses and mineralogical compositions of silicate-carbonate rocks, in percentages, 
Srom the Windous deposit, White Pine County, Nevada 


CALCULATED MINERALOGICAL CoMPOSITION 


G.S.V.-3 


Deweylite 66.75 
Dolomite 32.53 
Magnesite 
Calcite 0.72 


in the sections measured at the Ala~Mar deposit. The structure of the silica-carbon- 
ate rock is partly porous and crumbly, partly cavernous, and partly dense. Petro 
graphic study shows that it consists of mixtures of dolomite, calcite, quartz, opal, 
and deweylite in various proportions, and the presence of these minerals is confirmed 
by thermal analysis. 

Chemical and mineralogical analyses of these rocks are given in Table 13. The 
microscopic textures are well illustrated in the photomicrographs (Pl. 3, figs. 3-6), 
The amount of deweylite is rather small, but it is fortunately sufficiently segregated 
to permit ideutification optically. 

The porous and cavernous structure of this rock has made it an ideal host for 
lichens and other forms of plant life. 

Very siliceous facies of this rock contain only chalcedony and opal. More com- 
monly, opal and chalcedony are associated with calcite. A specimen from the 
Chester deposit, C-258-c, was analyzed and found to be made up of 60 per cent crypto 
crystalline quartz, chalcedony, and opal, and 40 per cent calcite. 


UPPER VOLCANICS 


Porphyritic quartz latite—The flows overlying the tuffs consist of porphyritic 
quartz latite; they are quite thick in the western part of the area where they form 
the peaks of the Horse Range. 
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MEGASCOPIC CHARACTERS: Most of the quartz latite is several shades of brown. 
Where the porphyritic quartz latite lies upon the tuff, the base of the flow is generally 
black and glassy. In all outcrops seen, the rock is porphyritic; the phenocrysts are 
commonly 2 mm. across. The phenocrysts are sanidine, plagioclase, quartz, and 


TaBLE 13.—Chemical and mineralogical composition of some silica-carbonate rocks, in percentages, 
Jrom the Rigsby deposits, White Pine County, Nevada 


CALCULATED MINERALOGICAL COMPOSITION 


R-89(a) | R-89(b) | R-89(c) 


Dolomite 72.92 
Calcite 9.19 
Deweylite 12.90 
Quartz 2.11 
Excessignition | 0.95 

loss—water 


Opal 1.51 
99.58 


.| W. W. 
Brannock 


* Insoluble in acids and NasCOs-quartz. 
¢ Soluble in 5% Na2zCOs solution after 30 minutes digestion. 
** Each of these samples contains a small amount of organic matter. It is most abundant in R-89(a). 


biotite, embedded in a dense groundmass in the brown-colored rocks and a more 
glassy groundmass in the black varieties. The quartz phenocrysts show the rhombo- 
hedral faces equally developed and resemble a hexagonal bipyramid. This fact 
definitely establishes the quartz crystals as pseudomorphs after high quartz and 
indicates that they crystallized from the magma at a temperature above the inversion 
temperature—573°C. 

Microscopic CHARACTER: The brown rock is made up of phenocrysts of plagio- 
clase, biotite, sanidine, and quartz distributed in a finely crystalline, pale-brownish 
groundmass. Smaller and fewer laths and plates of biotite and prisms of apatite 
are also sprinkled through the groundmass. The plagioclase crystals are andesine. 
They are euhedral, in part zoned and in part twinned; a large proportion of the crys- 
tals are fractured and broken. Quartz is euhedral, fractured anhedral, and more 
rarely rounded. The sanidine crystals, because of their low index of refraction and 
good cleavage, are easily detected. Biotite is present as hexagonal plates; some of it 
has been replaced. In some specimens this replacement of biotite is so complete 
that only small patches of pleochroic biotite remain in an opaque pseudomorph of 
magnetite. This phenomenon of resorption is believed to arise through the in- 
stability of the intratelluric biotite phenocrysts upon extrusion. Extrusion permits 
the escape of the vapor phase (Washington, 1896; Loughlin and Koschmann, 1942, 
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p. 35), and in this new environment minerals with essential (OH) become unstable, 
Small prisms of apatite, a minor accessory, occur in much of the biotite. The rocks 
contain very small amounts of hornblende and hypersthene. The groundmass of 


TABLE 14.—Chemicai analyses and norms of a porphyritic quarts latite from Nevada and a quartz 


latite porphyry from Idaho* 
N.M.d. N.M.d. Idaho 
70.42 68.81 quartz 35.10 23.66 
13.95 14.82 orthoclase..... 21.70 26.86 
1.93 0.75 20.97 29.30 
sar 1.11 2.34 anorthite...... 12.24 10.01 
ee 0.95 0.90 corundum. .... 1.43 0.51 
ae 2.57 2.36 enstatite...... 2.41 2.24 
ee 2.49 3.45 ferrosilite...... 0.13 3.07 
1.4.2.3 


Analyst.......} V. North J. G. Fairchild 


* Data from Wells [R. C., Analyses of Rocks and Minerals, 1914-36: U. S. Geol. Survey Bull. 878, p. 27] (1937, p. 27). 
From Sharp point, 2150 feet S. 85° W. from Red Metal Cabin, Edwardsburg District, Idaho. Petrographic study by P. 
J. Shenon shows: plagioclase (Abs Anw), quartz, orthoclase, biotite, apatite, zircon, magnetite, with alteration products. 
The rock is a quartz latite porphyry. 

+ Determined by R. E. Stevens. 


the rock is largely microcrystalline, although in some specimens it is finely crystal- 
lized. The porphyritic quartz latite shows only minor evidence of alteration; hyper- 
sthene is replaced by beidellite and plagioclase by montmorillonite. Montmorillonite 
is also in the groundmass. The beidellite is a much deeper brown than the montmo- 
rillonite. A little calcite has been introduced with the montmorillonite. A small 
quantity of a mineral believed to be canbyite was noted in one thin section. The 
thin sections commonly show typical flow structure. 

A chemical analysis of this rock, together with its norm, is given in Table 14, with 
the corresponding data for a quartz latite porphyry from Idaho. These rocks differ 
chiefly in their field relations; the one from Nevada is a flow, while that from Idaho 
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is a hypabyssal dike, but their chemical composition is quite similar. The ferric 
iron is in excess of the ferrous iron in the flow rock, N.M.d., a natural consequence of 
the surface oxidation at the time of the extrusion. Micrometric analysis of 
these brown rocks are labeled, N.M.d., N.M.e., A(e), and S(b) (Table 15). 


TaBLE 15.—Micrometric analyses of the porphyritic quarts latite expressed in weight per cent 


Snowball 
Rex-Pine lode Ala-Mar deposit deposit Avernee 
N.M.d. N.M.e. A(d) A(e) S(b) 
43.5 9.2 5.8 18.1 13.2 11.4 
7.4 8.5 10.3 4.6 3.8 6.9 
12.2 16.4 5.8 11.0 11.6 11.4 
6.6 3.5 3.9 6.4 4.6 5.0 
Hornblende.............. 1.0 0.6 0.3 
0.4 tr. 0.2 tr. 0.4 
Hypersthene plus beidel- 
lite after hypersthene.... 0.9 1.1 0.4 
Groundmass............. 61.0 61.3 73.0 59.3 66.8 64.2 
100.0 100.0 100.0 100.0 100.0 100.0 
Composition of the plagio- 
clase phenocrysts AbspAnga |AbgsAngs |AbgsAng7 AbssAng |Abs7Angs /AbgoAngo + 
Andesine | Andesine | Andesine | Andesine | Andesine | Andesine 


The black glassy phase of the porphyritic quartz latite is made up of the same 
minerals as the dominant brownish facies but its groundmass is a glass. It also 
exhibits a more pronounced flow structure. The mineralogical composition as given 
in Table 15, analysis A(d), represents the composition of the original magma, before 
extrusion, since it is the chilled facies. It is interesting to note that the biotite in 
this rock has not altered to magnetite as in the brownish rock, because the rapid 
chilling prevented the escape of the volatiles. Several of the thin sections and hand 
specimens contain fragments of the basaltic andesite and detached hypersthene 
crystals which the latite flow picked up and carried with it. This is particularly 
true for the black glassy facies. At Windous Butte and at the Ala-Mar deposit, 
this chill phase is about 10 feet thick. 

Latite crystal tuff —The porphyritic latite flows are capped by massive latite crystal 
tuffs which are best observed on the north side of the road leading to the Ala-Mar 
deposit. 


INTERPRETATION OF THE CHEMICAL CHARACTERISTICS OF THE LAVAS 


The chemical, mineralogical, and petrographical studies of the volcanic rocks 
demonstrate that the various flows and the included tuffs are genetically related and 
belong to a single petrographic province. The chemical analyses show the unusual 
relation of the dominance of K,O over Na,O for the entire series. In most rock 
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magmas soda is in excess of potash, and, as differentiation proceeds, the ratio : 


decreases until KO is in excess of Na,O in the more siliceous fractions. The excess 
of K,O0 over Na,0O in the basaltic andesite is accordingly definitely unusual for rocks 
of such composition. Further, alumina is unusually low in this series of rocks, and 
in each type the quantity is lower than the average alumina content of comparable 
rocks. This series of rocks is also characterized by the presence of BaO which ap. 
pears in sanidine. The content of barium in the various types of rock is given in 
Table 16 and illustrates the concentration of the BaO in the more silicic differentiates, 


TaBLeE 16.—Barium oxide content of the volcanic flow rocks of the Currant Creek magnesite district 
In percentages 


Rock type No. BaO Si02 
dacite. ... . N.M.-A 0.13 66.71 
Porphyritic quartz latite................... N.M.-d 0.21 70.42 


The silica is high, the rocks are all saturated with respect to it, and as a result 
quartz appears in the norm. Some of this silica was deposited in the later stages of 
consolidation as cristobalite and tridymite. 

The rocks of the Currant Creek magnesite area agree in the essential respects with 

the rocks of the petrographic province of Utah-Nevads a province which Clarke 
and Washington (1924, p. 48) found to be characterized by unusually high silica 
and a very high ratio of potash to soda. 
’ Callaghan (1939) has reviewed the petrographic studies of other workers (Butler 
1913, p. 50; Gilluly, 1932, p. 46; Nolan, 1935, p. 50) in the Utah-Nevada, or Inter- 
mountain, province and has shown that all agree on an essential equality of alkalies 
in all members and a saturation of all the rocks with respect to silica. 

The present study extends the western boundary of the province and confirms 
the unusual chemical characteristics of these rocks. 


PARAGENESIS OF THE MAGNESITE DEPOSITS 


The mineral sequence was determined on hand specimens, in thin sections, and on 
polished surfaces. The similarity of the carbonates in so many of their physical 
properties and their fine grain size has made this task time consuming. 

The earliest period in the paragenesis of these deposits which resulted in the for- 
mation of montmorillonite and calcite has been adequately treated in the petro- 
graphic descriptions. The hydrothermal stage wherein the magnesite deposits 
formed is considered in more detail here. 

The magnesite rock is distinctly vuggy (Pl. 4, fig. 1), the vugs range from 10 cm. 
down to those barely visible megascopically. Most of the vugs are almond-shaped 
with their longest dimension a centimeter or so in length. The magnesite matrix 
is exceedingly fine-grained, dense, and commonly porcelanous. Spheroidal or ball- 
shaped masses are characteristic and are composed of very fine particles. This 
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structure has given rise to the name, nodular magnesite. The ball-like masses 
coalesce in many samples. These textural characteristics and certain physico- 
chemical data on the precipitation of magnesium carbonate suggest that the solutions 


HYDROTHERMAL STAGE METEORIC 
STAGE 
A-188 
DOLOMITE 
DEWEYLITE 
DOL-MAG. S.S. 
QUARTZ 
C-85-h 
MAGNESITE 
DEWEYLITE 
A-1007 
DOLOMITE ‘(A 
MAGNESITE 
DEWEYLITE 
DOL-MAG. S.S. a 
CALCITE 
MAGNESITE 
DEWEYLITE 
CALCITE 
DOL-MAG. S.S. a 
IRON OXIDE a 
$-25 
MAGNES|TE 
DEWEYLITE — 
DOLOMITE 
CALCITE 
DOL -MAG. S.S. = 


Ficure 3.—Sequence of mineral replacements in the tuffs 
Figures 3, 4, and 5 portray the sequence of replacement for individual specimens which represent the various stages in 
the process. The specimens selected are described fully in the text. The vertical superposition of the figures does not 
imply that replacement began and ended at the same time for all specimens represented. The time relations for all speci- 
mens is shown in Figure 6. 


which formed these deposits may have been concentrated—possibly gelatinous. 
This suggestion is strengthened by the presence within spme of the magnesite of 
minor quantities of intimately associated deweylite which also makes up most of 
the material filling the interstices. Identical textural relations and the association 
with the magnesium silicates, deweylite-serpentine, have been observed in nodular 
magnesite from other localities. In other words, it is believed that the ball-like or 
nodular aggregates of magnesite grew in a gelatinous solution. 
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52 FAUST AND CALLAGHAN—CURRANT CREEK MAGNESITE 
The typical paragenetic sequence for the various specimens described as hydro. § "* 


thermally replaced tuffs is given in Figures 3 to 5. The composite paragenetic § bY 
sequence is shown as Figure 6 and was constructed from the data in the preceding § UD 


HYDROTHERMAL STAGE METEORIC 


STAGE 
w-I99 
MAGNES |TE | 
DOLOMITE 
DEWEYLITE 
N-I71 
MAGNES|TE | 
DOLOMITE 
DE WEYLITE 
-972 
MAGNESITE | 
DOLOMITE 
DEWEYLITE 
MAGNE’ | 
DEWEYLITE 
R-98 
Te | 
DEWEYLITE 


MAGNESITE 


FIGurRE 4.—Sequence of mineral replacements in the tuffs 
See caption for Figure 3. 


figures and from the quantitative relations of the minerals as observed in the field, § The 
Use was made also of the production data of the Windous deposit, supplied by C.J. § '° 
Vitaliano which showed that the ratio of magnesite to waste (dolomite, calcite, sili- take 
cate) is 1 ton to 8 tons. Figt 

Illustrations of two interesting specimens which show some of the mineral re 
lationships are reproduced. The photograph of specimen N.M.-186 (Pl. 4, fig. 2), § #bu 
shows several stages in the replacement process. The matrix with the vesicles rep. 
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resents the hydrothermal stage. The close of the hydrothermal stage is represented 
by the botryoidal calcite lining the vesicles. The cavity filling composed of the 


HYDROTHERMAL STAGE METEORIC 
STAGE 


SILICATE ~CARBONATE ROCK GSV.-3 
| 


DOLOMITE 

DEWEYLITE 

CALCITE 
SILICATE - CARBONATE ROCK 

DOLOMITE G.S.V.-7 

MAGNESITE - 

DEWEYLITE 
SILICA-CARBONATE ROCK R-89-a 

DOLOMITE 

DEWEYLITE 

CALCITE 

SILICA 

MINERALS | 

SILICA - GARBONATE ROCK R-89-b 

DEWEYLITE 

CALCITE 

QUARTZ 


SILIGA- CARBONATE ROCK 
pocom Te | 
DEWEYLITE pe 
CALCITE 
SILICA me 
MINERALS 


FIGURE 5.—Sequence of mineral replacements in the replaced tuffs overlying the magnesite-bearing rocks 
See caption for Figure 3. 


The calcite crusts (second-generation calcite) represent the latest stage, and they, 
too, were deposited by cool meteoric waters. A polished slab of specimen A-1010, 
taken from the measured stratigraphic section at the Ala-Mar deposit, is shown as 
Figure 3 of Plate 4. The buff matrix is composed of dolomite with some deweylite 
and a little magnesite. It represents the replaced groundmass of a lithic tuff. The 
abundance of dolomite is due to the former presence of calcite. Strewn throughout 
this groundmass are tiny black pseudo-hexagonal plates of biotite. Biotite was the 
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only constituent of this tuff which was not replaced by the hydrothermal solutions 
White areas of magnesite are embedded in the groundmass and may represent lithic 
fragments which were replaced. Some of the white areas are nodular growths of 
magnesite. Dolomite is present in minor amounts in some of the magnesite areas, 
This replaced rock contains vugs which were filled with later botryoidal calcite. 


EARLY LATE 
METEORIC 
METEORIC STAGE HYDROTHERMAL STAGE STAGE 
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MAGNESITE 
DEWEYLITE 
\ 
SILICA MINERALS \ A 
\ 
\ A 


Ficure 6.—Composite chart showing paragenesis of minerals of the magnesite deposits 

The early meteoric stage represents the normal replacement of the tuffs by calcite and montmorillonite through th 
agency of ground waters. The hydrothermal stage represents, at first, the reaction of the magnesium-rich solutions m 
the calcite of the tuffs to form dolomite. When the solutions were impoverished in lime, magnesite formed which wa 
later joined by deweylite. Thereafter, the solutions spread into the overlying calcareous tuffs and converted the calcite 
to dolomite and deposited deweylite. When the bicarbonic acid was greatly reduced in the solutions, deweylite and 
dolomite continued to form. Ultimately calcite and silica minerals were deposited with some dolomite and deweylite, 
and finally they were the sole phases forming. The solutions gradually approached the temperatures of the ground waters 
and calcite continued to form. Later, the dolomite-magnesite solid solution was precipitated in the cavities, and still 
later more second-generation calcite formed. The dashed line represents the probable trend of the temperature changein 
the solutions. Those temperatures indicated in the early and the late meteoric stages are the normal temperatures for 
the area. 


Two schematic diagrams are presented in Figures 7 and 8 which will aid in showing 
the relationship between the physico-chemical factors and the paragenetic sequence 
of these deposits. These diagrams are not entirely hypothetical, they are based on 
physico-chemical data and are approximate in character. The time scale is neces 
sarily compressed. 

As the hydrothermal solutions approached the surface of the earth, they entered 
rock masses of higher bulk porosity. The presence of more free space permitted 
the escape of CO; into the vapor phase. This loss of CO, changed the equilibrium 
relations between bicarbonic and carbonic acid in the solution. When the proper 
concentration of magnesium and carbonic acid was reached, replacement could take 
place. So long as dolomite and magnesite were forming the pressure of CO, remained 
constant until most of the CO, was used up. Thereafter, the pressure of COs, in 
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COs, in 


the vapor phase in contact with the solution, dropped rapidly until it approached 
the pressure of CO, in the earth’s atmosphere, about 0.00032 atmosphere. These 
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relations are shown in Figure 7. In this later period most of the deweylite was inf c 
formed. 
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Accompanying the loss of CO, from the solutions a shift occured in the equilibrium 
relations between bicarbonic and carbonic acids. This shift changes the concen- 
tration of the hydrogen ion in the solution in accordance with the equation [H+] = 
eT Kz in which [H+], [HCOs—], [COs =] are the concentrations in moles per 
liter of the respective ions and Kg is the second dissociation constant of carbonic acid. 
As more and more CO; was lost either by escape into the vapor phase or by precipi- 
tation of carbonates the value of [H+] adjusted itself to the new conditions. Instead 
of plotting the value of the hydrogen ion concentrations [H+] the pH value is com- 
§ monly used. The pH value of a solution is defined as the logarithm of the reciprocal 


of the hydrogen ion concentration, thus: pH = log. eo In Figure 8 the change in 
[H+] 


pH of the hydrothermal solutions is plotted against increasing time and decreasing 
temperature. The graph shows that the solutions with an excess CO, were slightly 
acid. As CO: was lost from the solutions the pH passed through neutral to alkaline. 
At pH about 9 the carbonates, dolomite and magnesite, began to form in quantity, 
and the pH remained essentially constant until these phases were largely removed 
from solution. Thereafter the pH of the hydrothermal solutions began to drop, and 
during this period deweylite was the principal phase to form. Some carbonates, 
mostly calcite, also crystallized during this period. Eventually the pH of the solu- 
tions approached and then reached the pH of the meteoric waters. The mean of the 
pH values of the two waters reported in Table 9 was used as the end point of the 
diagram. 


ORIGIN 
GENERAL STATEMENT 


The foregoing descriptions and interpretations indicate two types of alteration in 
the Currant tuff. One was by meteoric waters and is characterized by the formation 
of montmorillonite and calcite at the expense of volcanic glass. The other was by 
hot hypogene solutions and is characterized by the formation of dolomite and mag- 
esite at the expense of other minerals or glass in the tuff. The tuff formation origin- 
ally was a lens or blanket enclosed between two groups of volcanic flows, the lower of 
which probably rests on Paleozoic sedimentary rocks. Much of the supergene 
alteration could have been accomplished before the development of the fault system 
referred to earlier and shown on the maps. However, the close relation of the areas 
of rock altered by hypogene solutions to faults shows that much of the faulting took 
place before the advent of the hydrothermal solutions that brought about the hypo- 
gene alteration. 

The replacement of the tuff beds by the agency of hydrothermal waters represents 
a distinct period in the geologic history of these deposits. The petrographic descrip- 
tion of these tuffs has emphasized the variation of mineral content, texture, and 
amount of alteration and has indicated their inhomogeneity as a formation. The 
calcium content is especially variable; there is about 6 per cent CaO in the unaltered 
tuffs composed of igneous materials alone, and about 45 per cent CaO in the calcite- 
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rich reworked tuffs (pure calcite contains 56 per cent CaO). The variability of the 
calcium content is reflected in the composition of the replaced body by the correspond. 
ing variation in the abundance of dolomite. 


SOURCES OF WATERS RICH IN MAGNESIUM AND BICARBONATE 


The hydrothermal solutions that aided in the replacement of the tuffs were rich in 
magnesium and contained an adequate concentration of carbon dioxide to keep the 
magnesium in solution. The general sources of magnesium waters have been listed 
by Hewett (1928, p. 857) as follows: (1) waters of the sea, (2) shell of sedimentary 
rocks, (3) underlying crystalline rocks such as gneisses, (4) shallow body of intrusive 
rocks, (5) deeper magma reservoirs. The particular source of the solutions involved 
in the alteration of the tuffs is not known. That they were sea waters is precluded 
by the geologic field evidence. Moreover, chemical analyses of specimens W-1% 


and A-188, typical replaced tuffs, show no chlorine or sulfate. The ball-like structure § 


of the fine-grained, dense magnesite (W-199) which probably formed very rapidly 
would have served as an ideal host for the adsorption of salts present in large 
concentrations. 

The field relations suggest a hydrothermal origin, and it is assumed that the solu 
tions which brought about the replacement of the calcareous tuffs were hot. Itis 
further believed that these hot solutions obtained the necessary magnesium and 
bicarbonate ion in their passage through do_omitic rocks. Paleozoic sedimentary 
tocks crop out to the west of the Currant Creek magnesite district. A small patch of 
Paleozoic dolomite is indicated in the lower left hand corner of the areal geologic 
map (PI. 1), and in all probability these rocks lie under the flows and tuffs. Thermal 
solutions having a high ratio of magnesium to calcium would necessitate a mechanism 
by which calcium can be eliminated. The available data on the solubility of dolomite 
as contained in the works of Clarke (1924a, p. 566-580) and Bar (1932, p. 46-62) 
show that this solubility of dolomite is a function of several variables, involving 
principally the temperature, pressure of COs, and the concentration of the other ions 
in the solution. The paper by Bir, one of the most comprehensive works on the 
chemistry of dolomitization, is apparently not well known. 


MECHANISM FOR THE NATURAL DERIVATION OF WATERS RICH IN MAGNESIUM 


The system CaO-MgO-CO,-H,0 has not been completely determined, but the 
available data indicate that dolomite may dissolve congruently—that is, the solution 
will dissolve the same ratio of MgCO; to CaCO; as exists in the solid-phase dolomite, 
Under certain conditions of temperature, pressure of CO, and concentration, dolomite 
may also dissolve incongruently with more CaCO; or more MgCO; entering into the 
liquid phase. The phase equilibrium diagram given by Bir and showing sud 
relationships is given as Figure 9. 

Halla (1935, p. 63-82) on the basis of thermodynamic studies on this system denies 
the existence of incongruent solubility for dolomite. His computations, however, 
apply strictly to the system CaO-Mg0-CO,-H,0 and as such are valid; but if the 
concentration of other ions such as sodium is large, and the predominant anion & 
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bicarbonic acid, then incongruent solubility is a possibility. In seeking a probable 
mechanism for the derivation of magnesium-rich waters it seemed advisable to con- 
sider the various types of solubility proposed for dolomite. _ 

OA magnesium-rich carbonated solution will result if the hydrothermal solutions 
attacking the dolomites are of such a nature that incongruent solution of dolomite 


inkongruent 


kongruent 
(primarer Dolomit) 


Ca COs 
FicurE 9.—Field of stability of dolomite (cross hatched) abreast those of calcite and magnesite asa 
function of the pressure of COs 


Showing respectively the incongruent separation of magnesite, congruent primary dolomite, and incongruent separa- 
tion of calcite. Data of Bair. Photograph from Stutzer et al. (1933, Fig. 60). 


takes place with preponderant transference of MgCO; to the liquid phase. On the 
other hand, if the dolomite dissolves congruently, that is, MgCO3 and CaCO, enter 
into solution in the same proportions as they are present in the solid phase (dolomite), 
then it is necessary to remove most of the CaCO; in order to get a magnesium-rich 
solution. The mechanism here proposed to remove most of the calcium, in a solution 
in which they were originally present in nearly equal amounts, was suggested by 
certain experiments on the synthesis of dolomite. Some experimenters conducted 
their studies of synthesis under conditions that caused the incongruert separation of 
CaCO; as a solid phase, leaving the magnesium in solution. These experimenters 
failed to synthesize dolomite, but they did produce a system consisting of CaCO; and 
a magnesium-rich liquid, which, according to Halla, is in a metastable state (at 
ordinary temperatures). They thus showed that a solution containing calcium and 
magnesium in the proportions of dolomite can separate out its CaCO; and become a 
magnesium-rich solution. The solutions they used contained other ions such as Na, 
orK, and, in addition, excess CO,. Assuming that dolomite is congruently soluble, 
the experimentally observable phenomena of metastability offer a satisfactory means 
for the natural derivation of a magnesium-rich hydrothermal solution. Dolomi- 
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tization would ensue if the system were closed. Therefore the system would have to 
remain open, so that the magnesium-rich liquid could migrate away from the precipi- 
tated CaCO; (Calcite), for magnesium-rich solutions could not coexist with calcite, 

The experiments which were attempts to synthesize dolomite provided an explana- 
tion for the origin of dolomite in nature. According to this view, dolomite is formed 
by the precipitation of calcite, followed by its conversion to dolomite by the residual] 
magnesium-bearing waters. This reaction is known to proceed more rapidly in warm 
solutions; in fact, this is the easiest way to synthesize dolomite. 


SOME NATURAL WATERS RICH IN MAGNESIUM AND BICARBONATE 


Irrespective of how the magnesium bicarbonate-rich solutions originated, actual 
proof of the existence of natural waters of such unusual composition is desirable, 
Magnesium is found in all natural waters, but it is most commonly present in much 
smaller quantities that its congener, calcium. In regions where dolomite ig 
abundant, magnesium reaches its greatest concentration in river waters. Clarke 
(1924b, p. 6) points out that in southeastern Wisconsin the river waters show remark- 
ably high concentration of magnesium, and that these waters traverse dolomitie 
rocks. The waters of the Sacramento River in California (Collins, 1943) likewise 
show a significant concentration of magnesium with respect to calcium and travel 
through magnesium-rich rocks. Among the analyses of the carbonate-rich waters 
of closed basins cited by Clarke (1924a, p. 168) that from Palic Lake, Banat, Hungary, 
is of interest because of its high magnesium and low calcium content. 

The aforementioned waters are not so rich in magnesium as some mineral-spring 
waters, and, accordingly, the literature of spring waters was examined and a seriesof 
analyses showing magnesium and bicarbonate ion-rich solutions were selected. Not 
all of the water analyses that might be of interest could be included, but those useful 
in a discussion of origin have been included. Table 17 presents the data. 

Bar (1932, p. 51-52) has published curves showing the solubilities in water of the 
carbonates of calcium and magnesium at varying partial pressures of COz. Recent 
data obtained by Halla (1935, p. 63-82; 1936, p. 396-399) show that the solubility of 
magnesite is greater than that of calcite. 

The composition of the original hydrothermal solutions isnot known. Wedoknow 
that when they attacked the dolomite of the sedimentary formations they were not 
pure waters but carried dissolved constituents. If they had a magmatic source they 
probably contained various components such as COs, Cl, and SO,. These impure 
waters would dissolve significant quantities of mineral carbonates. 

Cameron and his associates (1903, p. 578-590; 1907, p. 577-580) have studied 
qualitatively the solubility of magnesium carbonate and calcium carbonates in various 
aqueous solutions containing ions commonly present in natural waters. In general, 
the solubilities of these carbonates increase with increasing quantities of the salts 
in the aqueous solutions up to a maximum, after which the solubility of the carbon- 
ates decreases. A notable exception is the solubility of magnesium carbonate in the 
presence of sodium carbonate which—for the same range of concentration as the 


other salts—shows a continuously rising curve of solubility. Additional quantitative F 


data for the solubility of calcite in aqueous solutions have been given by Frear and 
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Johnston (1929). They limited their studies to solutions containing sodium chloride 
and dissolved gypsum. 

It should be recalled that in addition to magnesite, depending on the partial 
pressure of CO:, another compound MgCO;-3H,0 (nesquehonite) exists; its solubility 
in water is many times greater than that of the anhydrous carbonate. Johnston 
(1915) and Kline (1929) have determined the solubility of nesquehonite in water at 
various temperatures and partial pressures of CO:. Still another factor remains to 
be considered. The experiments of T. Sterry Hunt (1859; 1866) and others on the 
synthesis of dolomite suggest that the presence of other ions in the solutions, such as 
Na, Cl, SO,, influences the type of solubility exhibited by dolomite. 

The analyses of natural-spring waters presented in Table 17 show the relative 
quantity of Mg** that they contain. These analyses are consistent with the analyt- 
ically determined solubilities of the various magnesium carbonates. Some of these 
springs are giving off carbon dioxide gas and precipitating solid phases. The dom. 
inant magnesium mineral’ is hydromagnesite (3MgCO;-Mg(OH)2-3H,0); in some 
spring deposits magnesite is present with the hydromagnesite. Aragonite and calcite 
are also present in such spring deposits. 


PHYSICAL CHEMISTRY OF THE REPLACEMENT PROCESS 


A thermal water, rich in magnesium and bicarbonate ions, similar to the solutions 
just described would react with calcite. This is particularly true if the system is con- 
fined so that sufficient CO, is kept in the liquid phase and cannot escape. Sucha 
solution left in contact with calcite would dolomitize it. A recent study by Franz 
Halla (1935; 1936) of the physical chemistry of dolomite formation shows that: 

“In the formation of dolomite out of calcite and magnesite, at one atmosphere pressure and tem- 
peratures above — 34°C, the reaction proceeding spontaneously is 

A F° = 590 + 50 cal (25°C); AH = —2840 + 350 cal (25° to 32°C) 
AF = 740 + 30 cal (38.8°C); 0(AF)/OT = 10.2 + 1.34 cal. 

In the dolomitization reaction 

2CaCO; + Mg** = Dolomite + Ca** with: 
AF = 50 + 1430 log ( ea 05°C 


Mg** 
FA direction of the reaction is determined almost exclusively by the concentration relationship 

in the solution. With the conditions of temperature and concentration prevailing in the sea, 
sige nt proceeds spontaneously (of its own free will).” 


It should be pointed out that although this thermodynamic demonstration of 
Halla proves that the reaction to form dolomite is a spontaneous one and accordingly 
represents the equilibrium condition, it does not indicate the rate at which the process 
will proceed. Thermodynamic studies do not determine the time rate of a reaction. 


AF = —120 + 30 + 1365 log (S =)eal (38.8°C) 


1 The relations of mineralogy and physical chemistry in the formation of the hydrous and basic magnesium carbonates 
will be treated in a subsequent paper. 
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They show only which phases are the stable phases under any specified condition of 
temperature, pressure, concentration, or of other degrees of freedom. Mineralogists 
and geologists are familiar with this lag in arriving at the state of equilibrium in the 
phenomena of the polymorphism of the silica minerals. Ostwald’s Law of Successive 
Reactions (1896-1902, p. 447) has been invoked to explain such phenomena. 

The secondary origin of dolomite through the action of sea water or other cool, 
magnesium-bearing waters on limestone is the result of the tendency to attain the 
equilibrium state. Slow reaction rates at near-surface temperatures, given sufficient 
time, produce the same end-product (dolomite) as hydrothermal solutions reacting 
over a relatively short time interval. Since the reactions proceed at such different 
speeds, the structural and textural relations of the two types of replaced deposits 
may not be the same. 

Where hydrothermal action has taken place, armoring of the calcite by dolomite, 
or zoning as described by Hewett (1928, p. 857), may protect large masses of lime- 
stone from reaction, and as a result magnesium carbonate (magnesite) may be 
deposited from solutions as a stable phase. Such are the relations at Currant Creek. 
The shapes of such hydrothermal deposits may be podlike, pipelike, or at least exceed- 
ingly irregular. Where dolomitization is due to cool waters reacting on limestone, the 
reaction proceeds so slowly that armoring of calcite (thus effectively removing it from 
reaction) or other relationships inhibiting the attainment of equilibrium are exceed- 
ingly improbable, and, so long as limestone is in the paths of the solutions, magnesite 
will not form as a stable phase. The ultimate shape of-dolomite bodies of this type 
will be more or less uniform in character. 

Any hydrothermal solution circulating along channels would dolomitize the wall 
rocks if they were susceptible of dolomitization. 1f the channel walls were relatively 
dense, dolomitization would take place to a limited depth and would serve as a pro- 
tective armor and permit the transmission of the magnesia-rich solutions without 
further reaction. 

In a study of dolomitization, Bir (1924, p. 116-118) investigated by physico- 
chemical methods the “crystallization partners” of dolomite. He found that calcite 
could exist next to dolomite in stable equilibrium, but that the association of calcite 
with magnesite was unstable and would produce dolomite. Furthermore, magnesite 
and dolomite could exist as an assemblage of minerals with stable relationships, 
whereas magnesite with a small amount of calcite would be unstable, and dolomite 
would form as a reaction product. These conclusions agree with the previously 
cited work of Halla (1935; 1936) who found that the dolomitization reaction proceeds 
spontaneously and that calcite and magnesite will react to form dolomite. 


FORMATION OF THE CARBONATE MINERALS AT CURRANT CREEK, NEVADA 


The relationships previously discussed have shown, in a general way, (1) the 
character of the thermal solutions which produced the magnesite deposits; (2) the 
several mechanisms by which a magnesia-rich, bicarbonated water could be derived 
through the solution of dolomite; and (3) the physical chemistry of the replacement 
processes. Field relations, as shown by Vitaliano (U.S. Geol. Survey, Bull., in 
preparation) clearly demonstrate that the magnesite deposits are limited to the fault 
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zones. The magnesium-rich solutions penn along these zones from below and 


then entered the tuff beds. 
Detailed study of the stratigraphic sections shows that the replacing solutions 


attacked the calcite-bearing tuffs but with little if any effect on noncalcareous rocks - 


that were in the path of these same solutions. This fact is brought out particularly 
well in the stratigraphic sections (Tables 1, 2). The magnesia-rich solutions per- 
meated the tuff beds, and their reaction with them is interpreted as follows: The 
magnesium-bearing solutions were more reactive to the carbonate minerals than to 
the silicate minerals. Where calcite was present, the replacing solutions produced 
dolomite by reaction until no more calcite was in actual contact with the solution. 
The absence of origina] calcite in these deposits indicates the completeness of the 
replacement. Thereafter, the replacing solutions were free to replace the tuffs with 
magnesite and hydrous magnesium silicate. In those tuff layers in which little calcite 
was present, the purest magnesite was deposited. Such minor amounts of calcium as 
were later assimilated by the solutions formed euhedral dolomite crystals in the inter- 
stices of the nodular magnesite. The purity of the magnesite deposited by replace- 
ment is thus related to the calcium content of the beds replaced. If sufficient calcite 
had been present in the path of the replacing solutions, dolomitization might well 
have been the sole process observed today. 


PHYSICAL CHEMISTRY OF THE FORMATION OF MAGNESIUM SILICATES 


The appearance of silica, which with magnesium formed the new solid phase, 
deweylite, introduced that new component into the system, and so the formation of 
deweylite is considered here separately. This mineral was formed at the close of the 
hydrothermal stage, but in part it accompanied the formation of the carbonates. 
The appearance of the silica in the solid phase requires the consideration of additional 
chemical relationships. 

The replacement by hydrothermal solutions involved the solution of large quanti- 
ties of silica through the attack on volcanic glass, and to a less extent on the silicate 
minerals. This large volume of silica increased the concentration of the hydro- 
thermal solutions. 

The widespread association of the siliceous casts of diatoms and of glassy volcanic 
ash is well known and shows the very strong tendency of such ash to supply soluble 
silica to near-by lakes. Although this evidence of solution of volcanic glass is well 
known, the physical chemistry of such a glass-water system has not been adequately 
studied. It is, therefore, desirable to consider the ability of hydrothermal solutions 
to attack glass; so, evidence for the decomposition of volcanic glass by alkalic and 
magnesium-rich solutions is discussed. The problem of the attack of solutions on 
glass has been studied in considerable detail by glass technologists. Eitel, Pirani, 
and Scheel (1932) supply many data concerning the action of alkali solutions on 
glass, but practically nothing of the effects of magnesium-rich solutions. These data 
do show, however, that glasses are attacked by solutions containing alkaline hydrox 
ides, carbonates, or bicarbonates, and that the rate of the attack is a function of the 
temperature and concentration. 

A recent study by Tarnopol and Junge (1946) shows that sodium carbonate solu 
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tions are much more corrosive than sodium hydroxide solutions, and that the rate of 
reaction doubles for each 18°F (8.5°C) increase in temperature. 

Hauser and Reynolds (1939) studied the attack of various reagents, including 
Mg(OH)2, upon an obsidian from Yellowstone National Park and upon a synthetic 
glass having the composition of Wyoming bentonite. The system was closed, and 


TABLE 18.—Chemical composition of some synthetic and natural magnesium silicates 


Magnesium silicate gels Antigorite gels Natural minerals 


22W2 22g 38 Serpentine | Deweylite | Hectoritet 


57.2 43.35 40.08 


37.4 | 43.65 | 35.87 


0.8 0.2 0.06 | 0.09 


12.2” 11.9* 17.6* 16-1" 13.00 24.05 


98.8 100.1 98.96 98.69 | 100.00 | 100.00 


* These gels were dried at 105°C before being analyzed. 
t In addition, Hectorite contains FeO = 0.03; LisO = 1.05; F = 5.96; MnO and TiO: are absent. 


the concentration high enough to insure the constant presence of a solid phase. They 
found that Mg(OH), attacked glass easily and that the phases obtained varied with 
the time of the reaction. They state (p. 594): 

“With Mg(OH) solutions and synthetic glass, montmorillonite was formed at 64, 80, and 149 


hours, but not with 289 hours of heating. ese results indicate that montmorillonite is not the 
end product of the reaction, but is an intermediate step.” 


These experiments were conducted in a bomb at 300°C. The authors did not identify 
the new solid phase other than to characterize it as definitely not montmorillonite or 
kaolinite. This work of Hauser and Reynolds shows that a magnesium-rich solution, 
in this case Mg(OH)s, can attack volcanic glass and that montmorillonite or “an 
unidentified mineral” may crystallize out of the mixture. These hydrothermal syn- 
theses do not exactly parallel the natural hydrothermal conditions because the natural 
waters carry other substances in solution, particularly the bicarbonate ions; nor do 
they determine the relative stability of montmorillonite at lower temperatures. The 
temperatures in the natural solutions were no doubt far lower than 300°C. 

The synthesis of several magnesium silicate minerals of interest in this study was 
effected by Stresse and Hofmann (1941). These ~uthors first prepared magnesium 
silicate gels of various compositions by cooking KOH or Ca(OH), hydrated silicic 
acid, and MgCl, solutions. These gels were washed, dried, and then x-rayed and 
found to show rudimentary patterns of brucite, antigorite, and a montmorillonite 


| group mineral—saponite. The best gels were selected for hydrothermal studies. 


The analyses of these preparations are given in Table 18 together with theoretical 
compositions of deweylite and serpentine and the actual analysis of the saponite— 
hectorite. The results of the hydrothermal experiments are outlined in Table 19. 
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TABLE 19.—Results of the hydrothermal experiments of Stresse and Hofmann on magnesium silicate ges 


and 1.6 cm* 


Antigorite 


Temp. (°C) 
200 250 300 so 
dg af eel or materi = 22. Pressure (atm.) 
16 | 41 87 153 Ca 400 
Time (hrs.) 
36 36 4 24 n 
H,O 26B IB,2B 3B 5B,21B 
Mica of lower order 
0.01N-KOH 29B 9B 
Mica of lower order 
0.1N-KOH 28B 8B 30B 
Montmorillonite | Montmorillonite Mica of lower 
+ gel order 
0.3N-KOH 20B 22B 31B 
Montmorillonite | partially swelling | Mica of higher 
montmorillonite order 
(from 11 to 
12.5A) 
* 1N-KOH 7B 16B 15B 19B 23B 
Montmorillonite 
Mica of higher order 
2N-KOH 37B 36B 38B 
Layer spacing 
about 
Mica of higher order 
4N-KOH 27B | 11B 14B 
Mica of higher order plus a potassium compound 
| 
2N-NaOH 6B | 32B 33B 34B 
Montmorillonite 
0.2 gm of 19 or 38 10B 13B,18B 


Table 19 shows the stability of these hydrothermal minerals. Stresse and Hof 
mann found that at temperatures of 200°-250°C, for medium concentrations of KOH, 
a mineral of the montmorillonite type formed. At temperatures above 250°C or for 
concentrated solutions of KOH the stable phase was a micaceous mineral identified 
as a hydromica and similar to the mineral from Sarospatok, Hungary. Some of the 
members of the montmorillonite group were converted into the hydromicalike mineral 
by merely increasing the time of heating. With a solution of 2-N sodium hydroxide 
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in place of the KOH, saponite formed throughout the range of 200°-350°C. This 
sodium saponite, in contrast to the potassium saponite, did not change to a sodium 
hydromica upon continued heating in a sodium hydroxide solution. This stability 
of the sodium saponite and the instability of the potassium saponite are, as the 
authors note, in complete accord with the extreme rarity of sodium micas and sodium 
hydromicas, and the abundance of potassium mica and hydromica in nature. Potas- 
sium saponite, sodium mica, and sodium hydromica require an unusual environment 
to prevent them from altering to more stable phases. 

The antigorite gels prepared by simply cooking the necessary constituents together 
are similar to deweylite and serpentine in composition (Table 18). The x-ray data 
for these gels, although not too distinct, show that the samples are antigorite. The 
hydrothermal treatment of these gels improved greatly the quality of the x-ray inter- 
ferences; the lines became more definite and more numerous, and the patterns 
approached closely a pattern of antigorite (marmolite) from Hoboken, New Jersey. 
The hydrothermal syntheses thus demonstrate the stability of serpentine. 

The studies of Stresse and Hofmann show that hydrothermal reactions involving 
magnesium, silica, and alkalies may develop serpentine, sodium saponite, potassium 
saponite, or a potassium hydromica depending on the concentration ratios of alkalies 
to magnesia and, for some of the minerals, on the duration of the reaction. Where 
the concentration of alkalies is low comparei to that of magnesium, serpentine is the 
stable mineral from at least 100°C to 300°C (the range studied). 

These physico-chemical relations offer experimental proof of the ability of magne- 
sium-rich waters to attack and remove the volcanic glass of the tuffs. The petro- 
graphic studies show that the structure of the volcanic ash was almost completely 
obliterated, and in only a rare specimen were pseudomorphs of deweylite after vol- 
canic glass actually preserved. These results were a consequence of the chemical] 
relations existing at the beginning of the replacement process when silicates were not 
stable phases and only carbonates were forming. From the very start of the replace- 
ment process volcanic glass was being decomposed, and its constituents were entering 
into the liquid phase. This decomposition of volcanic glass continued until finally 
the hydrothermal solutions became saturated with a compound of magnesium and 
silica, and deweylite formed. 

From the paragenetic sequence we may deduce that, when deweylite was the 
principal phase forming in the deposit, the hydrothermal solutions contained much 
silica and magnesia and a much smaller quantity of calcium. Carbon dioxide was 
always present in the hydrothermal solutions. To apply the results of Stresse and 
Hofmann (1941) to the formation of deweylite at Currant Creek, it is necessary to 
consider two further conditions: (1) the probable effect of carbon dioxide and (2) to 
estimate the alkalies of the hydrothermal solutions. 

The effect of carbon dioxide on the stability of montmorillonite and hydromica 
may be evaluated from the numerous studies of altered rocks and particularly from 
the studies of Fenner (1936) at Yellowstone where it was shown that montmorillonite 
formed as a stable phase from alkalic (chiefly sodium) and bicarbonate-bearing, 
hydrothermal solutions. All the available evidence shows that montmorillonite very 
commonly forms and is stable in the presence of carbon dioxide-bearing waters. The 
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analyses of ground waters which have traversed montmorillonite-bearing rocks shoy 
the presence of bicarbonic acid, commonly to the exclusion of all other anions. The 
field relations and chemical studies of montmorillonite indicate that carbon dioxide 
in solution would not modify significantly the results of the experiments of Stresse 
and Hofmann. 

The alkali content of the hydrothermal solutions which formed the Currant Creek 
deposits may be evaluated from the chemical studies of the minerals. The sphery- 
litic masses of exceedingly fine-grained magnesite would have yielded ideal surfaces 
upon which alkali salts could be adsorbed. This structure of the magnesite also 
would favor occlusion of alkalies. Chemical analyses of magnesite specimens, Table 
11, show only negligible quantities of the alkalies. The gelatinous character of the 
deweylite, especially when wet, would also have aided in the adsorption or occlusion 
of alkalies. To test this point the analyzed sample of deweylite from Currant Creek 
was re-examined spectrographically by Mrs. E. W. Claffy. A standard sample of 
deweylite containing known quantities of alkalies was used for comparison. Her 
report shows that no K, Rb, and Cs were found, and the content of Na2O is 0.03 per 
cent and that of Li,O is 0.04 per cent. These chemical determinations suggest that 
the concentration of alkalies in the hydrothermal solutions was very small compared 
with that of magnesium and silica. 

With proper allowance for the modifications introduced under natural hydrother. 
mal conditions as they existed at Currant Creek, Nevada, a comparison may be made 
with the experimental studies of Stresse and Hofmann. Though the natural hydro- 
thermal solutions were rich in magnesium and silica and poor in alkalies, they were 
definitely alkaline. According to the stability chart of Stresse and Hofmann the 
stable phase is antigorite. Their identification of antigorite was based on x-ray 
data. Although the x-ray data show that the phase is a member of the serpentine 
group, the x-ray differentiation between its members—chrysotile, antigorite, and 
deweylite—is not very satisfactory. 

Applying these data to the origin of the deweylite deposits at Currant Creek, 
Nevada, the following picture is obtained. Deweylite did not form until the hydro- 
thermal solutions were saturated with respect to it. At first it formed in the company 
of the carbonates, dolomite and magnesite, and evenually, when the CO, concentra- 
tion was sufficiently low, it formed alone. At the close of the hydrothermal stage 
some calcite formed with the deweylite. As more and more deweylite formed the 
hydrothermal solutions became impoverished with respect to magnesia, and eventu- 
ally silica formed as quartz or chalcedony in the end stages of the hydrothermal 
activity. 

At the close of the period of hydrothermal activity, as the solutions approached 
the temperature of the ground waters, some calcite and the silica minerals continued 
to form, producing an overlapping into the cool meteoric stage, the normal conditions 
for the area. The calcite very commonly was deposited as a lining on the walls of 
the vesicles of the magnesite rock, or appeared as veinlets, or formed in voids with 
quartz. After the calcite formed in the vesicles, exceedingly small amounts of iron 
oxide were deposited on it, and the whole appears very pale yellow and translucent. 
Thereafter the dolomite-magnesite solid solution was deposited in the vugs against 
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the calcite. The origin of this mineral is not known; presumably, it is a metastable 
form precipitated as a fine powder from ground waters, and possibly very cool waters 
which tend to favor metastable hydrated magnesium carbonates. The ground 
waters very likely obtained the magnesium locally in their passage through the 


deposit. ‘The last minerals to form were quartz and calcite. 


TaBLE 20.—Contrast of the characteristics of hypogene and supergene processes as they affected the tuff beds 


Early supergene waters 


Later hypogene solution 


(A) OBsERVED UNDER THE MICROSCOPE 


Effect on the tuff beds 


Did not destroy textures. Al- 
tered some of the volcanic 
glass and only a small amount 
of the minerals to montmoril- 
lonite. Some calcite added. 


Removed textures almost en- 
tirely. Removed all but the 
barest traces of the minerals 
and all of the glass and re- 
placed them with new minerals. 


(B) OBSERVED IN THE FIELD 


Spatial distribution of the 
new minerals 


More or less uniform alteration. 
Deposition of calcite and for- 
mation of montmorillonite not 
controlled by faulting. 


Magnesite and dolomite concen- 
trated in podlike deposits asso- 
ciated with the fault zones. 


(C) OBSERVATIONS 


Rate of reaction of previously 
existing calcite with mag- 
nesium-rich waters 


Supergene waters are known to 
produce dolomite by this re- 
action at a very slow rate. 


Synthesis of dolomite is accom- 
plished by hydrothermal meth- 
ods at a very rapid rate 


Typeof magnesium carbonate | Hydromagnesite, nesquehonite. | Magnesite. Theonly magnesium 
minerals definitely known None of these minerals was carbonate found at Currant 
to be formed from the solu- formed at Currant Creek. Creek. 
tion. 


SUMMARY AND CONCLUSIONS 


In the Currant Creek district southwest of Ely, Nevada, a Tertiary volcanic tuff 
(the Currant formation) lying between two groups of volcanic flow-rocks, dominantly 
of latite composition, has been attacked in several places by hydrothermal solutions 
to produce magnesite in nodules and gash veins. Associated with the magnesite are 
various other minerals including dolomite, deweylite, calcite, quartz. A mineral of 
the dolomite-magnesite solid-solution series, representing a later stage in the para- 
genesis, is found in vugs. 

The foregoing discussion and description of the tuffs, their geologic field relations, 
and the discussion of the physical chemistry of the formation of the magnesit= deposit 
support the conclusion that these deposits are of hydrothermal origin. The evidence 
is summarized in Table 20. 

Table 20 contrasts the characteristics of the hypogene and supergene processes as 
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they affected the tuff beds. The completeness of the reaction between the magne. 
sium-rich solutions and the calcite to form dolomite leaving no relict structures 
indicates hydrothermal replacement. The total absence of hydrous magnesium 
carbonate minerals, such as hydromagnesite and nesquehonite, characteristic of 
supergene deposits also supports this theory. 

Several possible mechanisms have been proposed in this paper for the origin of 
magnesium and bicarbonate-rich hydrothermal solutions, and one which seems 
particularly well fitted to explain the genetic relationship is developed at some length, 
This mechanism takes advantage of the fact that under conditions of inequilibrium 
a congruently soluble compound, such as dolomite, can yield a solution from which 
calcium carbonate may precipitate and leave a residual solution rich in magnesium, 
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PrateE 2.—PHOTOMICROGRAPHS OF ROCKS FROM CURRANT CREEK, NEVADA 
Fi 
i Benbie andesite (Sax) from the Snowball deposit, Currant Creek, Nevada, showing a 
knotlike aggregate of hypersthene and bytownite crystals set in a dark groundmass. Mag. 
48. Plane polarized light. 
2.—Vitric tuff (N.M. f-1), Nevada magnesite deposit. Broken phenocrysts of labradorite, hypers- 
thene; lithic fragments enmeshed in a base of volcanic glass fragments. Mag. 60X. Plane 
polarized light. 
3.—Altered vitric tuff (N.M. f-2), Nevada magnesite deposit. Altered equivalent of N.M. f-1. 
Glassy groundmass has been altered to montmorillonite. Mag. 60X. Plane polarized light. 
’ 4—Reworked tuff (C-261), Chester prospect. This shows pumiceous glass fragments and occa- 
sional broken crystals of plagioclase and quartz. Mag. 60X. Plane polarized light. 
5.—Fault breccia cemented by calcite (SC-1), Snowball deposit. This rock is made up of frag- 
ments of basaltic andesite showing well-developed plagioclase and hypersthene in a dense 
groundmass. A coarse-grained calcite veinlet is shown in the center of the photomicrograph. 
Mag. 60X. Plane polarized light. 
6.—Specimen W-180-a, Windous deposit. Euhedral and sheaflike, curved crystals of dolomite 
in a groundmass of deweylite. Mag. 60X. Plane polarized light. 
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Prate 3.—PHOTOMICROGRAPHS OF ROCKS FROM CURRANT CREEK, NEVADA 


Figure 

1.—Replaced tuff A-188. Ala-Mar deposit, Currant Creek, Nevada. A mosaic of sutured grain 
of dolomite showing patchy extinction. Mag. 60X. Crossed nicols. 

2.—W-52-c, Windous deposit. Reticulated deweylite. The groundmass is deweylite, the white 
area is dolomite, the dark areas are opaque minerals. Mag. 60X. Crossed nicols. 

3.—Silica-carbonate rock R-89-a. Curved crystals of dolomite with zonal growth structures em- 
bedded in a fine-grained groundmass made up of deweylite, quartz, and probably some opal. 
These euhedral crystals of dolomite presumably grew in the gelatinous silicate solution. Mag, 
33X. Plane polarized light. 

4.—Silica-carbonate rock R-89-b. The quartz and chalcedony-rich portion of the thin section 
in which some carbonate appears at the left side. Mag. 19X. Crossed nicols. 

5.—Silica-carbonate rock R-89-c. Radial structure in polyhedral units of dolomite which gives 
rise to anomalous extinction phenomena—the so-called “anomalous interference figure”. 
Mag. 19X. Crossed nicols. 

6.—Silica-carbonate roek R-75-d. This figure exhibits the banded structure in silica-carbonate 
rock. They are the result of 
growth. Mag. 33X. Plane polarized light. 
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Figure 1. Vuccy Texture as DEvELoPED MAGNEsITE Rock R-99 
Rigsby deposit, Currant Creek, Nevada. Two-thirds natural size. 
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Ficure 2. Repiacep Turr N.M.-186 
Showing several stages in mineral sequence. A. Vugs lined with botryoidal calcite. B. Calcite-iined vugs 
filled with powdery, dolomite-magnesite solid solution. C. Third-generation crusts of calcite. Ground- 
mass is magnesite with some deweylite.One-third natural size. 


Ficure 3. PouisHep SLAB or Repiacev Turr, A-1010 
From Ala-Mar deposit, Currant Creek, Nevada. Groundmass is dolomite with some deweylite and mag- 
nesite. White areas are magnesite. Vugs contain small amounts of calcite. Black hexagonal areas rep- 
resent original biotite. ‘Texture of the lithic tuff is preserved. Mag. 1.3 X. 


PHOTOGRAPHS OF SOME REPLACED TUFFS ILLUSTRATING TYPICAL 
STRUTCURSE AND TEXTURES 
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CRITIQUE OF THE TIME-STRATIGRAPHIC CONCEPT 


BY HARRY E. WHEELER AND E. MAURICE BEESLEY 
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ABSTRACT 


The Bright Angel group of the southern Great Basin region is defined as consisting 
of the predominantly argillaceous strata which lie between the underlying Prospect 
Mountain quartzite and overlying Middle Cambrian limestones. This lithogenetic 
unit is shown to range in age from partly pre-Cambrian in the Nopah Range of south- 
eastern California to entirely Middle Cambrian in the Grand Canyon of Arizona. 
The Birght Angel group illustrates the fact that the problems of stratigraphic classi- 
fication are four-dimensional and, as such, are not amenable to treatment by the 
conventional dual system of stratigraphic nomenclature. 

The fact that rock units and-unconformities may vary in age from place to-place 
is determined as the sole factor demanding (1) a three-fold nomenclatural system, 
and (2) abandonment of the concept that erosional breaks may serve as time-stra- 
tigraphic boundaries. This variation in age of lithogenetic units is recognized as a 
fundamental truth in stratigraphy, nearly equal in significance to the laws of super- 
position and faunal succession, and is appropriately designated therefore as the 
principle of temporal transgression. 


INTRODUCTION 


For many years the classical approach to the problem of the classification of sedi- 
mentary rocks with respect to time has been based upon two fundamental truths: 
the law of superposition and the law of faunal succession. In consequence strati- 
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graphic classification has been of dual nature. ‘“Rock” units such as system, series, ita 
formation, etc., have had as thet counterparts in the time scale, period, epoch, an? 'tan C 


smaller SISV 


1S. 


Schenck and Muller (1941) have conclusively shown that a threefold terminology (i Min¢ 
is mandatory if the known facts of sedimentary deposition are to be treated in their 5, Geol 


true relationships. These authors have accepted the generally recognized time terms, 
Some of those previously regarded as rock terms—namely, system, series, stage, and 


zone— are shown to be defined by ti 2, and are therefore classified as time-rock or | 
time-stratigraphic. By virtue of the fact that lithogenetic units such as formations, | 


members, etc., may vary in age from place to place, they bear no definite or constant | 


relationship to the standard. Consequently these lithogenetic units are classed by 
themselves as rock units. 

The significant fact that necessitates the separation of rock and time-rock units in 
classification is, of course, their variable relationship, a fact which is perhaps known 
but little appreciated by most geologists, while a few, evidently, are totally unaware 
of its existence. Many of those who are aware do not concede the essential unity of 
lithogenetic units as they transgress time from place to place. 

The principal purpose of this paper, therefore, is to emphasize the variable relation- 
ships between rock and time-stratigraphic units as a fundamental truth in stratig- 
raphy which is regarded as second in importance only to the laws of superposition 
and faunal succession. 

Doubltess the chief reason for the failure of conventional stratigraphic concept has 
been the continued custom to emphasize the concept of diastrophism as the princips’ 
basis for subdivision of the geological record, and otherwise to over-simplify sec 


mentary relationships. Critical review of the known facts indicates that most of ov | 


past attempts to classify sedimentary strata have been at best an only partially suc, 
cessful compromise between the results of the paleontologist on the one hand and the 
physical geologist on the other. Time units are repeatedly compromised in order to 
make them fit rock units, and vice versa. In other words, to justify the application 
of the over-simplified dual classification, we have closed our eyes to the fact that there 
may exist no constant parallelism between rock unit surfaces and time horizons. 

Also contributing to the over-simplification is the manner of our thinking on prob- 
lems involving spatial relationships in the lithosphere. The traditional picture is 
that of the one-dimensional columnar section or the two-dimensional cross section. 
At best, we occasionally think in terms of the three spatial dimensions. The problem 
of rock formations and their ages, however, when viewed in regional perspective, is 
clearly four-dimensional. Perhaps, if we recognize it as such, we can better appre 
ciate the necessity for distinction between rock units as entities in space and stratal 
units defined by time (time-rock units). 
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BRIGHT ANGEL GROUP IN SPACE AND TIME 
ept has GENERAL STATEMENT 
ee | r illustrate this four-dimensional relationship the writers have selected the most 


= | “treme case in their experience, with regard to variation in age of a lithogenetic unit. 
ly | The unit selected is the Bright Angel shale as exposed in its type area in the Grand 
. > d thé Canyon, together with its lithogenetic equivalents (Bright Angel group) over a tri- 
elise angular 12,000 square-mile area in northern Arizona, southwestern Utah, southern 
cation Nevada, and southeastern California. With Bass Canyon in Arizona at one point 
t there of the triangle, the other two points are located at Pioche, Nevada, and the Nopah 
“ Range of California (Fig. 1). The Bright Angel group, rather than one of its con- 
: . ens stituent formations such as the Pioche shale, is selected solely because of its greater 
tmnt variation in time range. Nevertheless the same principle could be illustrated, though 

P somewhat less strikingly, with smaller units. The employment ofa group to illustrate 
obies time-stratigraphic relationships is entirely consistent with the rules for classification 
+» ¢ and nomenclature of rock units (Ashley ¢ al., 1933), as the difference between 
appre aformation and a group is solely one of rank. The Bright Angel formation and group 
$i constitute a lithogenetic unit in which shale predominates, and which lies between 

the underlying Prospect Mountain quartzite (also designated in this region as 
“Tapeats” and “‘Sterling”’) and the variously designated overlying Middle Cambrian 
limestones. 


To illustrate the general spatial and time relationships of the Bright Angel group 
raphy § in the simplest possible manner, a trigonal block diagram is employed in which Bass 
rs are # Canyon, Pioche, and the Nopah Range are situated at the corners (Fig. 2). 

> field The regional continuity of the Bright Angel group within and beyond. the 


Ul 
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diagrammed area, together with the continuous relationship between this unit and 
the underlying quartzite and overlying limestone is demonstrated by the following 
from among the published and unpublished sections. 


Published: 
Grand Canyon, Arizona, Noble (1922); McKee (1945) 
Western Grand Canyon, Arizona, Schenk and Wheeler (1942) 
Virgin Range, Nevada, Longwell (1928) 
Mormon Range, Nevada, Wheeler (1943 and 1944) 
Pioche district, Nevada, Wheeler (1940, 1943, and 1944); Wheeler and Lemmon (1939) 
Delamar, Nevada, Callaghan (1936); Wheeler (1943 and 1944) 
Groom district, Nevada, Humphrey (1945) 
Spring Mountain, Nevada, Nolan (1929) 
Sheep Mountain, Nevada, Hewett (1931) 
Nopah Range, California, Hazzard (1938) 
Unpublished :! 
Wah Wah Range, Utah 
Desert Range, Nevada 
Johnnie district, Nevada 
Carrara (Bare Mountain), Nevada 
Frenchman Mountain (Las Vegas), Nevada 
Eagle Mountain (Death Valley Junction), California 


BASS CANYON SECTION 


The Bright Angel shale sequence first described in great detail by Noble (1922) is 
the section in the Grand Canyon at Bass Canyon, Arizona, about 17 miles west of 
Bright Angel Canyon, its type locality. Here Noble measured 391 feet of Bright 
Angel, lying above the Prospect Mountain quartzite (““Tapeats sandstone’’) and be- 
neath the Muav limestone. In this portion of the Grand Canyon the Bright Angel 
formation lies entirely within the Middle Cambrian Series. According to Resser 
(1945) the higher beds of the formation are characterized by the genera Clavispidella, 
Ehmaniella, Elrathia, Kootenia, Nisusia, Parehmania, Ptarmigania, and Solenoplew 
rella; and the lower strata contain Alokistocare, Anoria, and Glossopleura. On the 
basis of these faunas the entire Bright Angel formation at Bass Trail (Fig. 2, B-B’) 
lies well above the Lower-Middle Cambrian boundary (T3). 


PIOCHE SECTION 


‘The lithogenetic equivalent of the Bright Angel shale at Pioche, Nevada, as pre- 
viously demonstrated (Wheeler, 1943) consists of the Pioche shale, Lyndon limestone, 
and Chisholm shale combined (Fig. 2, P-P’). Throughout their area of occurrence, 
these three formations, together with their combined lithogenetic counterparts, are 
here designated as the Bright Angel group. 

‘In the Highland Range of the Pioche district the highest known occurrence of 
Olenellus is about 260 feet above ihe base of the Pioche shale. The zone of Olenellus 
in the Nopah Range has a total known thickness of approximately 900 feet, the base 
of which has been proposed as the base of the Cambrian System (Wheeler, 1946, 


‘1 Presently in preparation by H. E. Wheeler. 
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1947). Assuming a similar thickness for the Olenellus Zone in the Pioche region, its 
base (the pre-Cambrian-Cambrian boundary, T:) should lie several hundred feet 
helow the base of the Pioche shale, within the unfossiliferous [Prospect Mountain 
quartzite. 


<Z 


Ficure 2.—Trigonal block diagram of Bright Angel group in space and time am) 
B-B’ = Bass Trail, Grand Canyon, Arizona; P - P’ = Pioche district, Nevada; N-N’ = Nopah Range, Califor 
nis, 7; is unidentified pre-Cambrian time horizon employed to add perspective to diagram. Ts and Ts are base of 
Cambrian and Lower-Middle Cambrian boundary respectively. : supe 


The Lower-Middle Cambrian boundary (T;), as established by Deiss (1938), lies 
600 feet above the base of the Pioche shale. ’ ey 

When the remaining (Middle Cambrian) portion of the Bright Angel group is 
added to scale, point P’ falls approximately 300 feet closer to the Lower-Middle Cam- 
brian boundary (T;) than does B’. This speaks well for the uniformity of sedimenta- 
tion rate at Pioche and the Grand Canyon, since the Chisholm fauna, which includes 
Amacephalus, Clavispidella, Glossopleura, and Zacanthoides, indicates a somewhat 
lower position than the above-listed fauna of the upper Bright Angel shale in its type 
area, 
Thus the Bright Angel group in the Pioche district lies within both the Lower and 
Middle Cambrian series. 

NOPAH RANGE SECTION 


Hazzard (1938) has presented a detailed description of the Cambrian sequence in * 
the Nopah Range oi southeastern California. In terms of Hazzard’s nomenclature, 
the Bright Angel group, as defined above, would consist of the Wood Canyon and 
Cadiz formations. However, as pointed out by Wheeler (1943), the Wood Canyon 
asemployed by Hazzard corresponds only in part to the stratal unit of that name 
originally defined by Nolan (1929) at near-by Spring Mountain, Nevada. More- 
over, neither at its type locality nor in the Nopah Range is the “Cadiz formation” a 
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lithogenetic or mappable unit, since its base is established merely by the estimated 
and uncertain position of the Lower-Middle Cambrian boundary. 

The Wood Canyon formation, as defined by Nolan, extends from the underlying 
quartzite upward only to Hazzard’s Zabriskie quartzite member. The topmost 
strata of the “Cadiz formation” in the Nopah Range consist of 330 feet of Chisholm 
shale, underlain by the Lyndon limestone which is here reduced to a thickness of 
35 feet. This leaves 1119 feet of interbedded argillaceous and calcareous sediments 
between the Wood Canyon and Lyndon without present designation. Moreover, 
the basal 1535 feet of Wood Canyon, as identified by Hazzard (1938) in the Nopah 
Range, are predominantly thick-bedded quartzite which should be assigned to the 
underlying Prospect Mountain formation. 

With this nomenclatural status as a basis for discussion, the Bright Angel group in 
the Nopah Range consists of 2190 feet of strata (Fig. 2, N-N’) beginning with the 
Wood Canyon formation which overlies the Prospect Mountain (“Sterling’’) quartz. 
ite, followed by the undesignated unit, which in turn is overlain by the Lyndon 
limestone and Chisholm shale. 

The base of the Cambrian System has been placed at the tentative base of the 
Olenellus Zone, approximately 343 feet above the base of the Wood Canyon formation 
in the Nopah Range (T:2) as that base is redesignated herein. On this basis, the 
lowermost 343 feet of the Bright Angel group in this area is to be regarded as pre 
Cambrian in age. 

On a tentative faunal basis, Hazzard (1938) placed the Lower-Middle Cambrian 
boundary (T3) 692 feet below the top of the Bright Angel group in the Nopah Range. 
If one accepts that designation, the thickness of the Middle Cambrian part of the 
group is remarkably similar to its thickness at Pioche. Furthermore, the presence 


of the trilobite genus Alokistocare in the Chisholm shale suggests the contemporaneity 
of this formation in the Nopah area and the Chisholm at Pioche and Western Grand 
Canyon, and the lower part of the Bright Angel formation in the Granite Gorge area 
of the Grand Canyon. 

In the Nopah Range of California, therefore, the Bright Angel group varies in age 
from pre-Cambrian at the base to lower-Middle Cambrian at the top. 

‘In summary, the space-time relationships of the Bright Angel group are exceedingly 
variable. A nearly direct relationship between local thicknesses and duration of 


deposition exists as follows. ‘ 
Locality Thickness Time range 
Bass Trail, Grand Canyon 391 feet Early Medial Cambrian 
Pioche, Nevada 1,450 feet Late Early Cambrian to early Medial 
Cambrian 
* Nopah Range, California 2,190 feet Late pre-Cambrian to early Medial 
Cambrian 


A FOURTH DIMENSION IN STRATIGRAPHY 


Analysis of the long-standing dual system of stratigraphic classification and nomen- 
clature shows it to be three-dimensional. It recognizes, of course, the three-d- 
mensional aspect of rock units, but the remaining factor (time) is assumed to be 
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represented in part in the geological record by rock unit surfaces (contacts). Since 
time horizons are assumed to coincide or parallel one of the rock dimensions as far 
as the same rock unit nomenclature prevails, the system appears to incorporate time 
without additional complexity. However, regional examination of rock units such 
as the Bright Angel group (Fig. 2) indicates that such parallelism, except by co- 
jncidence, does not exist. 

Various attempts by the writers to illustrate time-stratigraphic relationships in 
three dimensions, without distortion of at least one factor, have failed. ‘Therefore, 
to present a reasonably accurate graphic representation of these relationships, it is 
regarded as instructive and essential to consider the logical or mathematical structure 
of the problem. 

In analytic geometry a two-dimensional co-ordinate system is required to graph a 
function of one variable; and, in general, one needs one more dimension than the 
number of variables which determine the value of the function. For the problem 
at hand, the “functional value” may be regarded as a point in or on a rock unit, ata 
given position, and at a given time. Since rock units are essentially homogeneous 
with respect to space, they may be represénted by coloring or shading the appropriate 
portion of any conventional perspective drawing of a three-dimensional configu- 
ration. Clearly, this drawing will provide a satisfactory delineation of spatial re- 
lationships. In addition, however, the temporal relationships are of equal sig- 
nificance in stratigraphy. Hence one more variable is involved, since time horizons 
do not consistently coincide with rock-unit surfaces. If this variable were time in 
its most general sense—that is, if it were necessary to associate with any given time 
its entire geological environment—all attempts to represent the whole relationship 
graphically would have to be abandoned. Fortunately, our attention can be re- 
stricted to a relatively few faunal or time horizons—a time horizon being the spatial 
position of all points which were at the surface of sedimentation at some fixed past 
time. Such a time horizon, except for the limitations of faunal correlation, can be 
traced in a space diagram, but in general it will be an irregular surface rather than a 
plane in the sense of elementary geometry. Because of these irregularities such 
time horizons are spatially nonparallel, and hence the time dimension is distorted. 
On the other hand, if time horizons are constructed as parallel planes, the rock units 
must be distorted; but even this would result in the probable distortion of time, 
since the dimensional values of duration between selected time horizons cannot be 
ascertained. Consequently, to represent this higher dimensional situation by a 
three-dimensional diagram, either time or rock units or both must be compromised 
to some degree. 

In the interest of further simplicity in graphic representation, time horizons and 
tock-unit surfaces may be resolved into planes as in Figure 2, though not without 
additional distortion. In this illustration of the time-stratigraphic telationships of 
the Bright Angel group both time and space are thus compromised in order to obtain 
an extremely simple representation to illustrate best the principles involved, rather 
than the stratigraphic details. Three time horizons are shown in planar form, but 
they are not precisely parallel. This allows spatial relationships to be shown without 
distortion at the three “corners” but implies, of course, that at these three points 
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the time scales are not uniform. It also implies that at any other point on the dig. 
gram both space and time probably are distorted. It is worthy of note, however, 
that the general space-time relationships remain relatively unchanged regardless of 
the method of diagram construction. 

The foregoing discussion illustrates that the problem of stratigraphic classification 
is one of more than three dimensions and, as such, is not amenable to the dual system 
which unavoidably implies coincidence of lithologic contacts and stratigraphic unity 
defined by time. 


PRINCIPLE OF TEMPORAL TRANSGRESSION 


Schenck and Muller (1941) in their arguments for a three-fold system of strati. 
graphic nomenclature (rock units, time-stratigraphic units, and time units), make 
the following statements (p. 1423): 

“, . the geologist resorts to a reference time scale and may find that a formation he had just mapped 
represents a fraction of some division in the standard scale, such as Series, or it may be of the magni- 


tude ofaSystem. Moreover, it may be at least in part of a different age from place to place, although 
many formations are of the same age over wide areas.” 


Upon critical review, the first of the above-quoted sentences does not appear to be 
an unqualified argument demanding absolute nomenclatural distinction between 
rock units and time-rock units. The fact that a formation, for example, may rep 
resent a fraction of the standard time division, or may be of the magnitude of a sys- 
tem, and thus may belong in part to two or more standard time units, would not 
preclude its employment locally, regionally, or even interregionally as a standard to 
represent the duration of its period of deposition. Such usage, if desirable after 
consideration of the other factors involved, would be entirely valid if all formations 
and other lithogenetic units were undeviating in time value. 

The significant fact remains that lithologic units “may be at least in part of dif- 
ferent age from place to place.” This fact is emphasized by the above proof that 
the time factor in stratigraphy is present as a fourth dimension. The fact of age 
variation alone makes the time-stratigraphic concept and a three-fold nomenclatural 
classification of sedimentary rocks mandatory. One category of names is required 
for rock units; another is required for the rocks deposited during standard time inter 
vals; and a third is required for time itself. 

Just as the fact of lithologic distinction, together with the laws of superposition 
and faunal succession, has justified the conventional dual system of nomenclature 
(“rock” units and time units), all of these, together with the fact that lithogenetic 
units may vary in age from place to place, demand a tripartite system. 

The above-cited quotation from Schenck and Muller (1941) includes: “‘. . . although 
many formations are of the same age over wide areas” (p. 1423). This is seemingly 
true in many instances. However, present knowledge of sedimentary processes, 
especially in the light of temporal transgression, requires some qualification of such 
statements in order to avoid possible misinterpretation. Although it may not be 
possible to detect by faunal differences the lateral change in age of many lithogenetie 
units, there can be no doubt that such change, slight though it may be, nevertheless 
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normally exists. A case in point is that of the Middle Cambrian Lyndon limestone 
of the Bright Angel group. This formation extends from the Nopah Range of 
California to the Wah Wah Range of Utah, a distance of about 250 miles. Through- 
out this distance its age, on a faunal basis, appears to remain unchanged. However, 
s partial stratal interchange between the Lyndon and overlying Chisholm shale in 
southeastern Nevada has been described by Wheeler (1943, p. 1816). On the basis of 
physical stratigraphy this interchange, no doubt, manifests a partial, though slight, 
change in age of both formations*. Therefore, even in the absence of its detection, 
temporal transgression is to be regarded as normally operative. The point is that 
this phenomenon is virtually universal in operation to some extent. In consequence, 
oily continued and endless confusion will result unless rock and time-stratigraphic 
terminology are distinct. 

In order duly to emphasize this long-known but seldom-appreciated fundamental 
truth in stratigraphic geology, such variation in age of sedimentary rock units is here 
termed the principle of temporal transgression. 

As a significant and inevitable corollary to be derived from these arguments, and 
asshown previously by Schenck and Muller (1941) and others, the basal sediments of 
any supra-unconformital sequence may also vary in age from place to place. Hence 
the rather common concept of unconformities as time indices is invalid. - 

The cases employed in this paper for illustration are not exceptional or isolated. 
Similar transgressions of formations through time have been observed in the late 
pre-Cambrian and Cambrian of China (Lee, 1939, p. 67-80, 211-14), the late pre- 
Cambrian, Cambrian, and other Paleozoic rocks of the Appalachian region (Wheeler, 
1947), the Paleozoic and Mesozoic of the Rocky Mountains, the Tertiary of Cali- 
fornia, and elsewhere. In fact this phenomenon has been described, though its 
significance is apparently often unappreciated, in virtually all places where com- 
prehensive regional stratigraphy has been effected. Such temporal transgression is 
not evident, of course, where correlations are purely lithologic or purely paleontologic. 
In the case of formational correlations the time relationships may remain unobserved, 
while paleontologic correlations either ignore rock units or permit formations of 
regionial distribution to continue their masquerade in the disguise of numerous local 
names, thus perpetuating the ignorance in the matter of their continuity. 

Only if the true identity and time-stratigraphic relationships of formations were of 
no concern to the geologist, would the dual system be appropriate. For example, if 
we were not aware of the regional continuity of the Prospect Mountain quartzite, 
which directly underlies the Bright Angel group in the Great Basin, dual nomen- 
cature might seem to suffice (Fig. 3). In the absence of more thorough knowledge, 
we might logically conclude that the “Sterling” quartzite of the Nopah Range and 
vicinity belongs to the late pre-Cambrian; that the Prospect Mountain quartzite in 
the Mormon Range, in accordance with its commonly regarded age ai its type locality, 
is Early Cambrian; and that the “‘Tapeats” sandstone of the Grand Canyon is 
assignable to the lower Middle Cambrian. Moreover, we could continue the list of 


*Since this writing, trilobite identifications by Mrs. Christina Balk have provided the hitherto 
missing faunal proof of this slight temporal transgression of the Lyndon-Chisholm contact. 
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“formations”, each with its own distinctive age, to include the “Tintic” ay 
“Brigham” of Utah, and perhaps the “Campito” of the Inyo region of Californi, 

Since we are aware, however, of the formational continuity and identity of thes 
pre-Cambrian and Cambrian arenaceous sediments, we are obligated as scientists tg 
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Ficure 3.—Diagram showing apparent temporal isolation (and actual continuity) of occurrences 
of Prospect Mountain quartzite in part of southern Great Basin region 


recognize that continuity and identity by employing a nomenclatural system for 
sedimentary rocks that is applicable to their undeniable temporal transgression. 


CONCLUSIONS 


The following conclusions are offered: 

(1) Problems in the field of stratigraphic geology are four-dimensional in aspect, 
and as such they are not amenable to treatment by the generally accepted three- 
dimensional or dual classification of sedimentary rocks. 

(2) The time-stratigraphic concept is valid, and in consequence stratigraphy 
requires a three-fold system of nomenclature (time, time-rock, and rock units), as 
proposed by Schenck and Muller (1941), the essence of which is recommended by 
Moore (1947) for adoption by the American Stratigraphic Commission as a change 
in the “Stratigraphic Code” (Ashley e¢ a/., 1933). 

(3) The employment of unconformities as time-stratigraphic boundaries should 
be abandoned. 

(4) Because of the failure of unconformities as time indices, time-stratigraphie 
boundaries of Paleozoic and later age must be defined by time, hence by faunas. 

(5) The variable relationships between lithogenetic and time units are designated 
as the principle of temporal transgression. 
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